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Abstract 
Scoliosis is a three dimensional (3D) deformity of the spinal column and trunk. 
Although not generally life threatening, scoliosis is a debilitating disease for which 
neither cause nor cure have been discovered.  A key question in the understanding 
of scoliosis is how and why some small deformities (which may not require 
treatment) progress to become large deformities which require surgical intervention. 
Adolescent Idiopathic Scoliosis (AIS) is the most common type of spinal deformity, 
affecting 2.5% of the population.  In severe cases, AIS requires spinal fusion 
surgery, which permanently reduces spine flexibility and brings a risk of post-
operative complications.  For these reasons, it is important to be able to identify 
which small deformities will progress to severe deformities requiring treatment. 
The current ‘gold’ standard for measuring curve magnitude (severity) is the Cobb 
angle method, a two-dimensional radiographic measurement that provides 
information about the lateral deviation of the scoliotic curvature. The risk of 
progression is increased with gender (female to male ratio of 8:1), curve magnitude 
(Cobb angle >30°), right thoracic or double curves and those who are entering a 
rapid growth phase.  Patients whose Cobb angle progresses more than 5° over 
consecutive clinical appointments are considered ‘high risk’ of further progression. 
The biomechanics of the growing scoliotic spine are poorly understood; therefore, 
the relationship of most interest is between curve progression and rapid spinal 
growth during adolescence.  In order to fully understand and appreciate the risk of 
progression in the growing scoliotic spine, it is necessary to assess the deformity in 
all three dimensions and how the forces (particularly those from gravity) acting on 
the spine interact with the deformity to exacerbate its progression.  Whilst clinically 
only 2D imaging modalities are used in general, this thesis explores the 3D nature 
of the deformity.  
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Imaging modalities such as CT and MRI have made possible 3D reconstructions of 
the spine.  Since better prediction of the progression of the deformity would enable 
more precise clinical treatment, the overall aim of this thesis is to address how and 
why small curves (Cobb angle 10-25°) progress to become large curves, and why in 
some cases they do not progress at all.  What is the driving mechanism behind 
curve progression? It is clear in the literature that the risk of curve progression is at 
its greatest during the rapid growth phase, but how the progression during growth is 
distributed between the individual vertebrae and intervertebral discs in a scoliotic 
curve is not currently clear.  Is the deformity really a global phenomenon or is it 
being driven by abnormal growth at particular levels of the spine and how do the 
gravitational forces acting on the spine interact with the deformity? 
This thesis was based on two series of medical images of female AIS patients with 
right-sided Lenke Type 1 curves.  Firstly, an existing low-dose CT dataset was used 
to calculate torso segment masses and coronal plane joint moments for each 
vertebral level in the thoracolumbar spine.  The results showed that for the 20 
patients studied, gravity is implicated as a potentially significant component driving 
deformity progression.  Mean segmental torso mass increased inferiorly from 0.6 kg 
at T1 to 1.5 kg at L5 with maximum coronal plane joint moments found at the apex 
of the curve (ranging from 2-7 Nm).  Secondly, a sequential series of 3D scans were 
performed on a 3T MRI system to assess vertebral and disc deformation of the 
anterior scoliotic spine at successive time points during the adolescent growth 
phase.  The results demonstrated that vertebra and disc wedging and rotations 
were different for every patient in the study, with no clear patterns between those 
who progress and those who do not progress. In addition, there was no clear 
pattern of progression between those who were braced (N=11) during the 
observation intervals and those who remained unbraced (N=10).  
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Significant wedging and rotation occurred in both the vertebral bodies and discs, 
sometimes compensating for one another and varying greatly between scans.  
Furthermore, there were instances where the overall coronal plane Cobb angle of a 
particular patient remained clinically unchanged but the wedging of individual 
vertebrae and discs had changed remarkably between scans (some levels became 
more wedged, others less wedged).  This study highlighted the need for closer 
inspection of the clinical radiographs where the Cobb angle measurements may be 
masking large anatomical changes.  To the best of the author’s knowledge, this is 
the first sequential 3D MRI study of adolescent scoliosis progression to be 
performed worldwide. 
This thesis has made a number of contributions to the understanding of scoliosis 
growth and progression in AIS that will lead to improved patient management. 
Firstly, it has shown that gravitational forces apply significant moments to the 
scoliotic spine that act to increase the deformity. 
Secondly, it has shown that there is no clear pattern of deformity progression at the 
level of individual vertebrae and discs between patients who progress and those 
who don’t.  Scoliosis progression during growth is complex, variable, and 
inhomogeneous in this patient group.  Counter-intuitive findings can occur, such as 
substantial local anatomical changes to the vertebrae and discs occurring in 
patients whose overall clinical Cobb angle appears not to have increased.   
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Chapter 1 : Introduction  
 
Scoliosis is a complex three-dimensional (3D) deformity of the spinal column and 
trunk, comprising a lateral deformity of the vertebral column in the coronal plane and 
axial rotation of the vertebrae in the transverse plane.  This thesis uses 3D imaging 
methods to investigate the relationship of the mechanics of the spine in relation to 
deformity progression.  The next section describes what scoliosis is and its clinical, 
diagnosis and management before stating the aims and objectives of the study. 
1.1 Scoliosis 
In order to understand the terminology used to describe spinal deformity in scoliosis, 
the anatomical planes must first be introduced.  The following three planes are 
frequently used to describe the location or direction of the anatomical structures of 
the body.  The coronal or frontal plane divides the body into front (anterior) and back 
(posterior) regions.  The sagittal plane divides the body into left and right sides, and 
the transverse plane divides the body into upper (superior) and lower (inferior) 
regions (Figure 1-1).  This thesis will also refer to the body in the supine position, 
which involves a person lying on their back facing upwards. 
 
Figure 1-1: The three anatomical planes of the body (Horne et al., 2014). 
Coronal Sagittal Transverse 
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Scoliosis can be structural due to spinal pathologies or non-structural as a result of 
poor posture, pelvic obliquity or leg length discrepancy.  The severity of scoliosis is 
assessed using a technique called the Cobb method which determines curve 
magnitude (the degree of curvature) on a standing coronal radiograph (Cobb, 1948).  
A line is drawn along the most inclined outer endplates of the vertebrae at the 
proximal and distal ends of the curve i.e. the upper endplate of the upper end 
vertebra and the lower endplate of the lower end vertebra.  The angle formed 
between these two lines is called the Cobb angle (Figure 1-2(a)).  The apex of the 
curve is defined as the vertebra or disc that is the most displaced and rotated in the 
major coronal curve, where the major curve is that with the largest Cobb angle.  The 
Scoliosis Research Society (SRS) identifies clinical scoliosis as a lateral structural 
curve with a Cobb angle greater than 10° (SRS, 2014a).   
 
 
Figure 1-2: (a) A coronal Cobb angle measurement of 80° on a standing radiograph for 
a patient with severe scoliosis (b) Scoliometer used to quantify rib hump prominence 
using Adam’s Forward Bend Test.  Source: Image obtained from the PSRG. 
 
 
80º Apex 
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The rotational (transverse plane) aspect of scoliosis is clinically assessed by the 
Adams’ Forward Bend Test (FBT), where the patient (standing) is required to bend 
forward as far as possible to touch their toes (Grivas et al., 2007).  An instrument 
called a scoliometer, which measures the rotation of the deformity in terms of the 
angle of the back of the torso from the horizontal, is then placed on the most 
prominent part of the rib cage as shown in Figure 1-2(b). 
There are several different types of scoliosis with known causes, including 
congenital, neuro-muscular, neuro-fibromatotic or post-traumatic.  However, in 
approximately 80% of cases, the underlying cause is unknown and is termed 
idiopathic.  Idiopathic scoliosis can develop at any age in childhood but typically 
occurs during the adolescent growth spurt, which is around 10-12 years for girls and 
11-16 years for boys.  Adolescent Idiopathic Scoliosis (AIS) is the most common 
type of spinal deformity affecting around 2-4% of adolescents, predominantly 
healthy females (Horne et al., 2014).  The female-male predominance of AIS varies 
depending on the severity of the curve but overall it is thought to be around 8:1 
(Weinstein, 1999).  Scoliosis is categorized into different curve patterns to help with 
communication and assist with treatment strategies.  Curve patterns are named 
according to the location of the apex; if the apex is situated between the T2 - 
T11/T12 disc, the curve is referred to as thoracic scoliosis, between the L1/L2 disc - 
L4, lumbar scoliosis and between T12 - L1 thoracolumbar scoliosis (Figure 1-3).   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-3: Different curve patterns according to the SRS (SRS, 2012). 
Curve                 Apex location 
Thoracic    T2-T11/T12 
Lumbar                L1/L2 disc – L4 
Thoracolumbar    T12-L1 
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The majority of AIS patients have right-sided thoracic curves and are often 
hypokyphotic and hypolordotic (i.e. the thoracic kyphosis and lumbar lordosis are 
less than normal range) as shown in Figure 1-4(b).  Kyphosis and lordosis 
respectively refer to the natural thoracic and lumbar curvatures of the spine in the 
sagittal plane (SRS, 2012).  The normal range for thoracic kyphosis and lumbar 
lordosis in females aged 10-18 years old is reported to be between 20-50 and 40-
70 respectively (Roussouly and Nnadi, 2010, Bernhardt and Bridwell, 1989, 
Boseker et al., 2000).  
 
Figure 1-4: (a) Example of a healthy spine viewed in the coronal and sagittal plane and 
(b) a patient with scoliosis displaying their major thoracic scoliosis in the coronal 
plane and hypokyphosis and hypolordosis in the sagittal plane.  Source: Images 
obtained from the PSRG. 
Although multiple areas of research, involving genetics, bone mineral density and 
hormonal dysfunction have been explored; there is still no clear evidence for the 
primary cause of the deformity in idiopathic scoliosis.  The current consensus on the 
aetiology of AIS is that it does not result from a single cause but is in fact 
multifactorial (Kouwenhoven and Castelein, 2008, Dayer et al., 2013, Schlosser et 
al., 2014, Harrington, 1977, Nachemson and Sahlstrand, 1977, Byrd, 1988).  A 
common problem encountered by scoliosis researchers is that it is often not clear 
whether observations of abnormal anatomy are primary (i.e. causative) or 
secondary (i.e. resulting from) features of the disorder.   
 (a) (b) 
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For example, patients with scoliosis have asymmetries in the vertebrae and discs of 
the spine (Roaf, 1960, Stokes and Windisch, 2006), in the ribcage (Stokes et al., 
1989, Normelli et al., 1985), in the lungs (Jones et al., 1981, Upadhyay et al., 1995) 
in stature i.e. spinal height and overall height (Nordwall and Willner, 1975, 
Nicolopoulos et al., 1985, Skogland and Miller, 1981) and in muscle structure (Fidler 
and Jowett, 1976, Spencer and Zorab, 1976, Kennelly and Stokes, 1993).   
Whilst it is still not clear how scoliosis is initiated, it is widely accepted that scoliosis 
progression (i.e. the process by which a small deformity (Cobb angle of 10-25°) 
becomes a large deformity) is predominantly a biomechanical process, wherein the 
spine undergoes asymmetric loading and alteration of vertebral growth (“growth 
modulation”) in a “vicious cycle” (Stokes, 2008, Villemure et al., 2002, Stokes and 
Windisch, 2006).  This idea is based on the Hueter-Volkmann principle that 
suggests that asymmetric loading of the growth plates inhibits growth on the 
concave side of the curve relative to the growth rate on the convex side of the 
growth plate, thus leading to vertebral body wedging during growth.  
Whilst the overall scoliotic curve is clinically measured using the Cobb angle 
method, the major scoliotic curve can also be thought of as the sum of a series of 
individual coronal plane wedging deformities in vertebrae and intervertebral discs.  
Figure 1-5 represents how the overall scoliotic curve is comprised of deformities in 
individual discs and vertebrae.  Progressive vertebral wedging is reported to be 
present in both mild (Cobb <20°) and moderate (20-50°) scoliosis, particularly in the 
three vertebral bodies inferior to the curve apex (Scherrer et al., 2013).  Although 
further investigation into deformity progression is required to fully understand the 
anatomical changes that occur with different stages of growth, particularly for right-
sided thoracic curves.   
Chapter 1: Introduction Page 6 
 
 
Figure 1-5: Braced patient with severe scoliosis - individual wedging contributions of 
the vertebra and discs (left) and overall Cobb angle of 60° (right).  Note that with the 
exception of the six white buttons, the brace is made of radiolucent material so is 
difficult to visualize on the radiograph.  Source: Image obtained from the PSRG. 
Other studies involving vertebra and disc deformation have reported that the 
maximum wedging of the vertebrae and discs occurs at the apex of the curve (as 
this is where the asymmetrical loading due to gravitational forces acting on the 
deformed spine is most concentrated) (Stokes and Aronsson, 2001, Parent et al., 
2004, Ronchetti et al., 1997, Stokes, 2007b).   
Wedging in progressive deformity is also believed to initiate firstly in the discs and 
later in the vertebrae during the rapid adolescent growth phase (Will et al., 2009, 
Stokes and Aronsson, 2001).  In addition to the abnormal anatomy which occurs in 
scoliotic intervertebral discs, biomechanical studies have also reported abnormally 
high intra-discal pressures in scoliosis (Bibby et al., 2002, Nachemson, 1959, Meir 
et al., 2008) and stresses 3 times greater in the anulus, particularly on the concave 
side of the curve than healthy non-scoliotic discs (Meir et al., 2007).   
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A typical mean intra-discal pressure for scoliosis patients is 0.25 (SD 0.10) MPa, 
compared to a mean of 0.07 (SD 0.03) MPa for non-scoliotic patients in the lateral 
decubitus position with the convexity of the scoliosis facing upward (Meir et al., 
2007).  Note that the term intra-discal pressure refers to the gel-like inner portion of 
the Intervertebral discs (IVD) and the anulus is a multi-layered fibrous outer sheath 
which holds the nucleus gel in place (Figure 1-6).   
 
Figure 1-6 – Diagram of Intervertebral disc, showing the anulus fibrosus and 
nucleus pulposus (Bardos, 2007) 
Curve progression (i.e. a small spinal deformity becoming a large deformity) is one 
of the primary concerns surrounding AIS.  The risk of progression is not constant in 
AIS (some patients progress and others don’t) and factors such as gender, 
remaining skeletal growth, curve type and magnitude can all influence scoliosis 
progression (Busscher et al., 2010).  It is well documented that a relationship exists 
between rapid adolescent growth and curve progression in AIS patients, as an 
increase in spinal height during the adolescent growth spurt often causes the 
curvature of the spine to increase.  Skeletal growth is therefore a key factor in the 
progression of scoliosis.   
 
Anulus Fibrosus 
Nucleus Pulposus 
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Patients are routinely monitored through observation and postero-anterior (PA) 
standing X-rays at regular intervals (typically 3-6 months apart) until they reach 
skeletal maturity, to determine whether any clinically significant Cobb angle changes 
(>5°) have occurred since their previous presentation and whether treatment is 
required.  In adolescent patients, the amount of residual skeletal growth is clinically 
assessed using radiologic methods, such as the Risser sign and the elbow 
Olecranon method.  The Risser sign is a progressive measure of ossification in the 
iliac apophysis (pelvis) and the Olecranon method is a progressive measure of 
ossification in the elbow.  Understanding the patient’s growth potential along with 
their curve magnitude is important for determining patient-specific prognosis and 
treatment.  More information is given on this in the Literature Review (2.3.5.5). 
Current conservative (non-surgical) treatment methods for preventing deformity 
progression are limited, and consist predominantly of non-invasive orthotic braces 
which attempt to unload the growth plates on the concave side of the vertebral 
bodies near the apex of the curve (Frank, 2003).  Bracing does not usually provide a 
permanent reduction in the curve magnitude but rather aims to halt the progression 
of the deformity whilst the patient is still growing.  However, the evidence 
surrounding the efficacy of bracing is unclear as many researchers believe it does 
very little to alter the natural history of AIS (Negrini et al., 2009, Negrini et al., 2010, 
Weiss, 2010, Dolan and Weinstein, 2007).   
Weinstein et al. recently conducted an important study on a group of 242 AIS 
patients for whom 116 were randomly assigned to bracing or observation groups 
and 126 could choose whether to be braced or observed.  The study found that 
bracing significantly decreased curve progression in curves larger than 50° Cobb 
angle, and that the benefit increased with longer hours of brace wear (>12.9 hours 
per day).   
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However, it also showed that 48% of the patients in the observation (no-braced) 
group had a successful outcome as did 41% of the patients in the bracing group 
who only wore the brace for up to six hours each day (Weinstein et al., 2013).  The 
benefit of bracing in a particular individual with scoliosis therefore remains far from 
clear.  There is also little evidence to show that other alternative treatment methods 
such as acupuncture, massage, yoga, pilates, electrical stimulation, physiotherapy 
and chiropractic treatment are effective in correcting or halting the deformity 
(Negrini, 2008).   
In severe cases, AIS requires spinal fusion surgery (whereby one or more of the 
vertebrae are permanently joined ‘’fused’’ together by a combination of hooks, 
screws and rods), which provides a large correction in the magnitude of the 
deformity but also permanently reduces spine flexibility and brings a risk of post-
operative complications (Figure 1-7).  For these reasons, there is growing interest in 
minimally invasive ‘growth modulation’ strategies which aim to surgically correct 
small scoliotic deformities before they progress without fusing the spine.  These 
strategies usually comprise ‘fusionless’ implants which act by redirecting the growth 
of the spine whilst preserving vertebral and disc motion (Hershman et al., 2013).  
Growth modulation outcomes to date have been mixed however, and future 
advances in this field require a better fundamental understanding of how forces 
affect growth in the scoliotic intervertebral joint.   
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Figure 1-7: Pre and post-operative photos of the same patient.  (a) Severe scoliosis 
where Cobb angle is 80° before surgery and (b) Posterior rods, hooks and screws, 
Cobb angle reduced to 10°.  Source: Image obtained from the PSRG. 
Early detection of scoliosis was initially performed through school screening 
programs on adolescent girls, to identify those at risk of scoliosis and to prevent 
progression of the deformity.  The governments and education committees of 
countries such as Australia, Japan, Singapore and the USA implemented these 
programs by using the Adams’ FBT.   
The screening program in Japan also used a simple surface topography technique 
called Moiré topography and low dose radiographs (Ohtsuka et al., 1988).  Due to 
financial constraints and over-referral of adolescents with insignificant curves, many 
school screening programs have since been discontinued (Grivas et al., 2007).  This 
has led to an increased pressure on hospital spine clinic resources and patients with 
noticeable curves that are at risk of progressing.  Therefore a better, biomechanics-
based understanding of scoliosis progression is necessary in answering ‘what 
makes small curves progress to become large curves?’ 
(a) (b) 
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Whilst the Cobb method still remains the gold standard for clinically identifying and 
quantifying curve magnitude in scoliosis, it is limited in the sense that a two-
dimensional (2D) radiographic assessment measure is being used to quantify a 
three-dimensional (3D) deformity.  In scoliosis, it is important to not only assess the 
curvature in the coronal and sagittal planes but to also quantify the rotary 
deformation occurring in the transverse plane.  The Cobb method as applied 
clinically does not provide information on individual vertebrae and disc wedging (i.e. 
measurements such as those shown in Figure 1.5) that occurs in scoliosis.  This is 
potentially useful information because, as mentioned above, it has been proposed 
that during the adolescent growth spurt, scoliosis initiates primarily through the discs 
and then later in the vertebrae.  Understanding whether scoliosis progression 
initiates through the disc or vertebra can improve understanding of curve 
progression with rapid growth.   
Furthermore, if different patterns of wedging during growth and scoliosis 
progression can be identified in different patients, these may provide insights into 
the risk of progression for small deformities, or even into the response of scoliosis 
curves in skeletally immature patients to potential conservative or surgical 
treatments. 
Although not used in routine clinical assessment of scoliosis, alternative supine 
imaging modalities such as Computed Tomography (CT) and Magnetic Resonance 
Imaging (MRI) provide valuable 3D information on scoliotic anatomy (as bone and 
soft tissue can be distinguished easily).  Once the 3D supine images of the scoliotic 
spine have been obtained, image post-processing and analysis software allows one 
to create 3D reconstructions from patient-specific CT and MRI data that can be 
used to estimate the biomechanical forces acting on the spine (Little et al., 2013).   
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Therefore 3D imaging modalities are able to provide a level of insight into the 
biomechanics of the scoliotic spine beyond what is achievable with 2D radiographs 
as used clinically.   
One difficulty associated with the use of 3D scanners is the supine position in which 
the images are taken.  In clinical radiographs, patients are standing so there is a 
postural difference between the supine images and the standing clinical 
radiographs.  Cobb’s method can be used to measure the magnitude of the curve in 
both supine and standing but it is important to use the ‘true’ definition of the Cobb 
angle and measure each Cobb angle separately (Figure 1-8). 
 
Figure 1-8: Reformatted supine CT scan (left) with corresponding standing radiograph 
(right). The endplates corresponding to the extents of the major thoracic curve 
selected on the supine image are T4-T11 and T5-11 on the standing image, therefore 
both curve magnitude and extents are affected by body position during imaging.  
Source: Image obtained from the PSRG. 
Using the pre-selected endplates from the standing radiograph to determine the 
Cobb angle in supine can cause inaccurate Cobb angle measures.  This is because 
the geometry of the spine alters between the supine and standing position due to 
the change in gravitational loading direction, which in turn can affect which upper 
and lower endplates are the most tilted in the major curve.  In addition, the scanner 
bed (underneath the supine spine) imposes a support boundary condition that is not 
present in the standing position.   
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It is well reported in the literature that in the coronal plane, curve magnitudes are 7-
10° smaller in supine than in standing (Adam et al., 2010, Fon et al., 1980, Torell et 
al., 1985, Lee et al., 2013, Wessberg et al., 2006).  In the sagittal plane, Izatt et al., 
reported thoracic kyphosis 5.3° smaller in supine, and in the transverse plane, the 
average degree of apical vertebral rotation was found to decrease by 6° from 
standing to supine (Izatt et al., 2012, Yazici et al., 2001).  The Cobb angle 
differences as a result of the change in gravitational loading direction between 
supine and standing therefore indicate the potential importance of gravitational 
loading in deformity progression (Adam and Askin, 2006).   
Several studies have developed 3D models of scoliosis progression in order to 
predict outcomes of surgical treatment (Aubin et al., 2003, Perie et al., 2004, Little et 
al., 2013).  However, when simulating the response of the spine to gravitational 
(body weight) forces, such models require anthropometric data for the weight of the 
trunk, head and neck and upper limbs.  To date, researchers estimating 
gravitational loads on the spine have relied on non-AIS anthropometric sources to 
acquire geometric and inertial data (Duke et al., 2005, Little et al., 2013).  Moreover, 
accurate vertebral level-by-level torso segment masses of the scoliotic trunk of any 
age are currently not available in existing literature. 
The motivation for this thesis therefore, was to contribute to the understanding of 
AIS progression in 3D by investigating the biomechanical forces acting on the 
adolescent scoliotic spine, and the bony and soft tissue (intervertebral disc) 
deformations that occur as the spinal deformity progresses.  Three dimensional 
assessment of scoliosis has the potential to provide insights into mechanisms of 
disease progression not visible with two dimensional clinical radiographs.  In order 
to provide direct clinical relevance the emphasis was on analysing data from the 3D 
scans that could be related directly to 2D clinical measurements. 
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1.2 Aims and Objectives 
The overall aim of this thesis was to gain an understanding of the effect of gravity on 
the deformed spine and to assess the patterns of deformity progression during the 
adolescent growth phase.  Since scoliosis progression is biomechanically mediated 
to some extent, the biomechanics of the growing scoliotic spine were investigated in 
order to acquire a better understanding of the scoliotic progression.  This was 
achieved by firstly performing a preliminary anatomical CT study of the 
thoracolumbar scoliotic spine to estimate the torso segment masses and gravity-
induced coronal joint moments in a group of AIS patients.   
In addition (on a separate subset of patients), a sequential 3D magnetic resonance 
imaging study of AIS patients was performed, in which, for the first time, the scoliotic 
spine was imaged in 3D at three separate time intervals (typically 3-9 months apart) 
to investigate anatomical changes occurring during growth and deformity 
progression.  A proportion of small curves progress to become large curves (often 
requiring surgical intervention), and in other instances there is little or no 
progression.  It is hoped that a thorough understanding of the biomechanics of the 
spine and deformity progression gained through this thesis will lead to improved 
understanding of why some deformities progress and others do not.  The thesis aim 
was pursued through the following objectives: 
 
 Research Question 1 – What are the segmental torso masses in the 
adolescent idiopathic spine? How do they differ from torso masses in a 
healthy spine? 
Objective: Perform a preliminary anatomical study using an existing historical CT 
dataset from the Paediatric Spine Research Group (PSRG), to measure the 
torso segment masses in the thoracic spine of a group of AIS patients and to 
compare these values to previous measurements of torso mass in non-scoliotic 
subjects. 
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Working Hypothesis: The torso masses of AIS patients is expected to be lower 
than typically developing adolescents as there is evidence that AIS patients may 
have osteopenia (Cheng et al., 2001, Hung et al., 2005).  
 Research Question 2 – What are the gravity-induced coronal plane joint 
moments acting on the upright scoliotic spine? 
Objective: To use the torso segment masses measured in Research Question 1 
to estimate the gravity-induced coronal plane joint moments acting on the 
scoliotic spine during relaxed standing.   
 Research Question 3 – Does pre-selecting vertebral endplates have a 
significant effect on supine to standing Cobb angle difference? 
Objective: It is known that the geometry of the spine changes between the 
supine and standing posture, and that curve magnitudes are 7-10° smaller in the 
supine position. The objective is to measure the effect of endplate pre-selection 
on supine to standing Cobb angle change when the same vertebral levels from 
the standing X-ray are used on the supine image; and to assess whether Cobb 
angle difference is related to any patient characteristics such as age, mass, 
skeletal maturity.   
Working Hypothesis: Using the same vertebral endplates (as those pre-selected 
on the standing X-ray) will affect the Cobb angle difference, particularly for 
patients with large standing Cobb angles. 
 Research Question 4 – To use sequential 3D magnetic resonance imaging 
to assess how the local anatomy (vertebral bodies and intervertebral 
discs) of the scoliotic spine changes with growth and progressive 
deformity in three dimensions 
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 Objective: Develop a high-resolution 3D imaging protocol on a 3T MRI scanner 
in order to perform the first sequential MRI study of scoliosis patients to 
investigate the abnormal anatomical changes of the spine during growth for a 
group of approximately 20 patients. 
Working Hypothesis: There is a consistent pattern of increasing deformity in the 
vertebrae and discs with curve progression during growth. 
 Research Question 5 – What is the clinical relevance of this study and how 
does it contribute to existing research? 
Objective: Use the results from this research to investigate their potential for 
prediction of which patients are likely to have progressive deformity and how this 
might affect treatment.   
1.3 Scope of Work 
There are many different types of scoliosis but for the purpose of this thesis only 
adolescent idiopathic scoliosis was assessed as this is the main group that is 
affected by spinal deformity.  Infantile and juvenile idiopathic scoliosis only accounts 
for 1% and 10-15% of idiopathic cases (SRS, 2014a).  The majority (90%) of AIS 
patients typically present with right-sided thoracic curves therefore left-sided curves 
(considered atypical) were not included in these studies.  The female to male 
predominance in AIS is approximately 8:1 so males were also excluded from the 
analysis.   
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As the main focus of the work was to address the risk of curve progression during 
the rapid adolescent growth spurt, patients who were skeletally mature or who had 
previously received surgical intervention were also not included.  Numerous studies 
have investigated the mechanisms involved in scoliosis initiation (aetiology) but in 
this thesis, the focus was solely on the growing spine and thus the progression of 
scoliosis was studied rather than its initiation.  This thesis therefore focuses on the 
anatomy and biomechanics of scoliosis progression in patients who already have 
small scoliotic curves of Cobb angles measuring 10-25°.   
As mentioned in Research Question 1, a preliminary anatomical study was 
performed using a low dose historical CT dataset to measure the torso segment 
area, volume and mass for the thoracolumbar spine.  Ribcage anatomy, muscle 
structure, nerves and connective tissue were out of the scope of this thesis but will 
be investigated in future studies.   
With regard to the 3D sequential MRI dataset, anatomical changes were assessed 
in the growing scoliotic spine.  Changes in tissue composition reflected in greyscale 
values within the images were outside the scope of the thesis.   
Although it is in principle possible to generate three-dimensional patient-specific 
computational models of the growing spine for the sequential MRI study subjects to 
aid in biomechanical analysis, this work was not carried out due to time constraints, 
but is proposed for future work in Chapter 9.  Furthermore, it is well documented 
that disproportionate growth between the anterior (vertebral bodies and 
intervertebral discs) and posterior (pedicles, laminae and processes) columns of the 
spine occurs in AIS, but again measurement of the sequential growth of the 
posterior column was outside the scope of this work.   
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1.4 Structure of the Thesis 
Chapter Two provides a comprehensive review of the existing literature concerning 
scoliosis progression risk and the clinical diagnostic imaging techniques that are 
currently used.  To assist the reader with the clinical terminology that is used when 
describing spinal deformities, a basic spinal anatomy and biomechanics section has 
been included in this chapter.  Chapter Two continues by reviewing the current 
clinical assessment and treatment of AIS from both the patients’ and clinician’s point 
of view.  An outline of the current concepts and concerns regarding the aetiology 
and diagnostic imaging of AIS is then presented, with particular focus on the 
biomechanics of deformity progression.  Finally, a detailed discussion is presented 
on the state of current research into the risk of curve progression using different 
imaging modalities for the assessment and treatment of the deformity. 
The two types of supine imaging modalities that are used in this thesis are: Low 
dose Computed Tomography and sequential 3D Magnetic Resonance Imaging.  
Therefore to avoid confusion, the body of this thesis is separated into two distinct 
parts.  Part One consists of Chapters 3, 4 and 5 and addresses the first, second and 
third research questions using low dose CT imaging.  Part Two consists of Chapters 
6, 7 and 8 and addresses the fourth and fifth research questions using sequential 
MRI. 
Before describing the content of each chapter, the distinction and reasoning behind 
using both techniques should be explained.  The low dose CT scans were a pre-
existing series of images from patients scheduled to undergo surgery for AIS during 
the years 2002-2008, and these scans covered the whole thoracolumbar spine from 
T1 to L5, including the ribcage and pelvic region.  A single low-dose CT scan was 
part of the pre-operative clinical assessment process at the time, for those patients 
who were scheduled to receive a thoracoscopic anterior spinal fusion to assist with 
safer screw sizing and positioning.   
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By contrast, the sequential high resolution 3D MRI scans were performed 
specifically for the current thesis; however their field of view was more limited, such 
that the MRI scans only covered the major scoliotic curve, typically 8-10 vertebral 
levels.  However, the use of MRI allowed scanning at three points in time (that 
would not have been possible ethically with CT scanning due to radiation dose 
concerns) to investigate the progression of the deformity during the adolescent 
growth spurt. 
Part One - Computed Tomography 
Chapter Three introduces the reader to the image processing techniques used to 
create reformatted images from the patients’ CT scans and also describes the 
technique used to calculate the vertebral level-by-level Torso Segment Masses 
(TSM) of the adolescent scoliotic spine.   
Chapter Four uses the TSM calculated in Chapter Three to estimate the gravity-
induced joint moments acting on the scoliotic spine in a relaxed standing position 
from the measurements in the supine position.  As the coronal plane is the primary 
plane of deformity, only the coronal plane joint moments were calculated in this 
chapter. 
Chapter Five shifts focus to assess the change in curve geometry between the 
supine and standing position with and without endplate pre-selection.  Clinically, the 
Cobb angle is measured on a standing coronal or sagittal X-ray and not on a supine 
image.  Initial measurements involve individual selection of endplates on both 
supine and standing images.  Second measurements use the endplates ‘pre-
selected’ on the standing radiograph to measure the Cobb angle in supine.   
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Prior literature reports major Cobb angles 7-10° smaller in the supine position than 
in standing due to changes in gravitational loading direction (Wessberg et al., 2006, 
Lee et al., 2013, Adam et al., 2010, Torell et al., 1985), but none have reported the 
effect of endplate pre-selection or whether other parameters affect this Cobb angle 
difference.     
Part Two - Sequential 3D Magnetic Resonance Imaging 
Chapter Six covers the development of the high-resolution 3D MRI protocol and the 
reasoning for utilizing sequential MRI in scoliosis assessment.  It also presents the 
inclusion criteria used for patient recruitment and ethical considerations. 
Chapter Seven describes the MRI image analysis techniques used to assess the 
abnormal anatomical changes that occur during scoliotic growth.  The vertebral and 
disc wedging measurements in the coronal plane are presented, along with the 
coronal plane vertebral and disc height measurements performed in the sequential 
MRI study. 
Chapter Eight presents measurements of the abnormal anatomical changes 
occurring during scoliosis growth and progression in the transverse plane, and 
assesses whether a relationship exists between the coronal and transverse MRI 
results. 
Chapter Nine discusses the results of the thesis investigations with respect to 
existing literature, and the implications of the results on current clinical practice.  
The key limitations of the study are addressed and future work arising from this 
thesis is proposed.  Finally, the Chapter summarises and concludes the thesis, 
revisiting the study aims and objectives, and reviewing the significant contributions 
of this work.   
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Chapter 2 : Literature Review 
 
This chapter presents a critical review of the literature regarding the anatomy and 
biomechanics of AIS, and the diagnostic imaging techniques that are currently used 
clinically to track progression of the deformity.  Basic spinal anatomy and clinical 
assessment of AIS is initially presented, to allow an understanding of terminology 
and an appreciation for the deformity from both the patient’s and the clinician’s point 
of view.  Whilst surgical treatment of scoliosis is not the focus of this thesis, the 
current treatment methods available are presented in this chapter to further 
emphasize the need for improved understanding of deformity progression, since it is 
progression which necessitates surgery.  An outline of the current concepts and 
concerns regarding the aetiology and diagnostic imaging of AIS then follows, with 
particular focus on the biomechanics of deformity progression.  The remainder of 
the chapter addresses the state of current research into the risk of curve 
progression and the use of different imaging modalities for assessment and 
treatment of the deformity. 
2.1 Basic Anatomy of the Spine  
2.1.1 Spinal Column 
The human spine is a complex flexible column, composed of bony vertebrae 
connected by an array of intervertebral joints, which are in turn spanned by 
ligaments and muscles.  The main functions of the spine are; to protect the spinal 
cord and associated nerves, provide structural support to the ribs, pelvis and 
shoulder girdle, and to control movement of the body whilst transmitting loads.  
Figure 2-1 shows the spinal column in both the coronal and sagittal planes, where 
(from superior to inferior), there are 24 moveable vertebrae; 7 cervical, 12 thoracic 
and 5 lumbar.  In addition, there are nine fused vertebrae inferior to the lumbar 
vertebrae, five that form the sacrum and four in the coccyx.   
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In clinical practice, the vertebrae are numbered according to their region and 
position along the superior-inferior axis; C1-C7, T1-T12, L1-L5 and S1-S5.   
 
 
Figure 2-1: Anterior, lateral and posterior view of the healthy spine, showing the 
different regions of the spine (Netter, 2006). 
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When viewed in the coronal plane, the healthy spine looks straight.  In the sagittal 
plane however, the spine exhibits four curves: the thoracic and sacral regions 
exhibits kyphosis, where the anterior column (i.e. the column comprised of the 
vertebral bodies) is shorter than the posterior column (the column comprised of the 
posterior elements of the vertebrae) and the cervical and lumbar regions exhibit 
lordosis, where the anterior column is longer than the posterior column.  These 
curves provide a balanced posture between the head and pelvis that minimise 
energy expenditure during locomotion, and can be measured using Cobb’s method 
(refer to Figure 1-2) on a lateral radiograph (Mac-Thiong et al., 2007).   
The Scoliosis Research Society (SRS) recommends that thoracic kyphosis is 
measured between the superior endplate of the highest measurable thoracic 
vertebra (typically T2 or T3) and the inferior endplate of T12, and for lumbar 
lordosis, the superior endplate of L1 to the superior endplate of S1.  The normal 
ranges of these curves vary greatly in the literature (depending on the method used 
and the age of the patient) but are typically between 20 - 50 in kyphosis and 40 - 
70 in lumbar lordosis (Roussouly and Nnadi, 2010, Bernhardt and Bridwell, 1989, 
Boseker et al., 2000).  When spinal abnormalities occur, these natural curvatures of 
the spine in the sagittal plane can become misaligned, diminished or exaggerated. 
2.1.2 Vertebral Anatomy 
Each vertebra consists of three essential parts: a vertebral body, a vertebral arch 
and several posterior processes for articulation with neighbouring vertebrae as well 
as muscular attachments.  The anterior part of the vertebra, the vertebral body, 
consists of an inner core of strong, highly macro-porous trabecular bone surrounded 
by a thin outer layer of dense cortical bone (Figure 2-2).  The compact bone 
covering the upper (cranial) and lower (caudal) edges of the vertebral body 
comprises the vertebral endplates.   
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The anterior vertebral body is joined to a posterior bony structure which encloses 
the spinal cord (the vertebral foramen, see Figure 2-2) and contains a series of bony 
processes for attachment of ligaments and muscles.  Two pedicles join the posterior 
of the vertebral body, and laminae extend from the right and left pedicles and fuse 
together to form the roof of the vertebral arch.  There are two transverse processes 
that project laterally at the union of the pedicles and laminae, and the spinous 
process protrudes posteriorly from the junction of the laminae.  In the thoracic spine, 
the spinous processes are long and slender.  They protrude posteriorly and caudally 
such that they overlap the vertebral arches of the vertebra below. 
The transverse processes in the thoracic region also have costal facets for the 
attachment of the ribs.  The superior and inferior articular processes project 
vertically for articulation with adjacent vertebrae to create two joints, termed the 
zygapophysial (or facet) joints.  In addition, the superior and inferior vertebral 
notches (two semi-circular features) form an intervertebral foramen allowing nerve 
root exit between pairs of adjacent vertebrae.  The vertebral body gradually 
increases in size from the cervical region to the 5th lumbar vertebra, as each 
vertebra progressively carries more load than the vertebra above it.    
 
Figure 2-2: Anatomy of the T6 thoracic vertebra, showing (a) transverse superior view 
and (b) a left sagittal view (Netter, 2006). 
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2.1.3 Ligamentous Spinal Anatomy  
The seven ligamentous structures of the spinal column that provide joint stability, 
protection to the discs and provide or limit flexion or extension are: the Anterior 
Longitudinal Ligament (ALL), Posterior Longitudinal Ligament (PLL), 
intertransverse, interspinous, supraspinous, capsular and ligamentum flavum 
(Figure 2-3).  The two ligaments that hold the vertebral bodies together and 
continuously run the whole length of the spine are the ALL and PLL.  The ALL is 
attached to the upper and lower edges of each vertebral body and limits extension 
of the spine.  The PLL runs along the posterior part of the vertebral bodies.  The 
intertransverse ligaments are attached to the ends of the transverse processes and 
resist lateral bending to the opposite side.  The interspinous ligaments are attached 
from one spinous process to another.  The supraspinous ligament connects the 
apices of the spinous processes and merges with the interspinous ligaments 
(Netter, 2006).  The series of short ligaments that hold the laminae together are 
called the ligamentum flavum and are responsible for limiting flexion of the vertebral 
column. 
 
Figure 2-3: Joints of the spine with labelled ligamentous anatomy (Netter, 2006). 
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2.1.4 Intervertebral Disc Anatomy 
The intervertebral discs (IVD) lie between adjacent vertebral bodies.  Each disc 
forms a cartilaginous joint that permits a limited amount of movement between the 
vertebral bodies and provides strength and resistance to strain (Cramer and Darby, 
2013).  The IVD is an avascular structure comprised of three main parts: the central 
gelatinous Nucleus Pulposus (NP), layers of collagenous lamellae which comprise 
the Anulus Fibrosus (AF) and Cartilaginous End Plates (CEP) as shown in Figure 2-
4.  Nutrients are supplied to the disc by either the periphery of the anulus fibrosus or 
the cartilaginous endplates.  The cartilaginous endplates are highly porous and 
allow nutrients (such as glucose), to enter and leave the NP and AF disc by 
osmosis.  In infancy and childhood, the AF attaches to the periphery of adjacent 
endplates (and the outer edge of vertebral bodies in adolescence) and is referred to 
as the epiphyseal ring or ring apophysis.  Full fusion of the epiphyseal ring occurs 
between ages 18 to 25 years (Dar et al., 2011).  It is also important to mention here 
that the disc height in a healthy spine contributes approximately 25% of overall 
spinal height (Thompson et al., 2002).   
 
 
 
Figure 2-4: Anatomy of the normal intervertebral disc (Huang et al., 2014). 
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2.1.5 Thoracic Cage and Rib Anatomy 
The bony thoracic cage is formed by 12 thoracic vertebrae, the sternum and 12 
pairs of ribs that attach posteriorly to the thoracic vertebrae (Figure 2-5).  The 
sternum is comprised of three parts: the manubrium (the most superior part of the 
sternum), the body and the xiphoid process (a thin plate of cartilage that ossifies at 
the proximal end by adulthood).  The manubrium and body are in different planes to 
each other and thus create the sternal angle at their junction, allowing the second 
rib to articulate with the sternum at this point.  The medial end of the clavicle 
articulates with the manubrium of the sternum.  The suprasternal notch (also known 
as the jugular notch) is the depression in the top of the sternum located between the 
second and third vertebra that is easily palpable. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-5: Anterior view of the bony framework of the thorax (Netter, 2006). 
The upper seven pairs of ribs (the ‘true’ ribs) articulate with the sternum via their 
respective costal cartilage.  The costal cartilage of the eighth, ninth and tenth ribs 
(the ‘false’ ribs) attach anteriorly with that of the rib above.  The eleventh and twelfth 
pairs of ribs have no anterior attachment and are often referred to as the ‘floating’ 
ribs.   
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The space in between two adjacent ribs is termed the intercostal space.  An 
individual rib has a head, neck, tubercle, body, and angle (Figure 2-6).  The head of 
the rib has two facets (known as demi-facets) for articulation with one or two 
vertebral bodies.  The body (or shaft) is thin and flat and turns sharply at the angle 
and is marked inferiorly by the costal groove, which gives attachment to the internal 
surface of the rib.  The tubercle (at the lateral end of the neck) has a facet for 
articulation with the transverse process.   
 
Figure 2-6: Typical rib anatomy (Thompson et al., 2002). 
 
2.1.6 Spinal Motion Segment 
Collectively, the term spinal motion segment (or functional spinal unit) refers to a 
pair of adjacent vertebrae, the intervertebral disc between them, the facet joints, and 
the seven ligaments spanning the joint.  In the thoracic spine, the spinal motion 
segment is additionally constrained by the costovertebral joints and the ribcage.  
Large compressive loads in the thoracolumbar spine motion segments are mostly 
resisted by the vertebral bodies and the disc, although these loads have been 
reported to increase intradiscal pressure, leading to endplate deformation and 
anulus bulging (Nachemson, 1966, Brinckmann et al., 1989).   
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It has also been shown that the load on the disc in the unsupported sitting position 
is directly related to body weight, with 55% of body weight above the L2 disc and 
loads on the lumbar spine in the range of 100 - 180 kg.  This pressure decreases by 
30% in standing with loads ranging between 80 - 150 kg (Nachemson, 1966). 
2.1.7 Normal and Abnormal Growth of the Spine  
It is of primary importance to understand both normal and abnormal growth of the 
adolescent spine, and how spinal deformities can induce a pathologic change that 
can affect height, shape, volume and circumference of the thoracic cage (Dimeglio 
and Canavese, 2012).  Vertebral growth occurs by endochondral ossification in 
growth plates adjacent to the discs, with an increase in length and diameter of the 
vertebral bodies (Roussouly and Nnadi, 2010).  By the age of 18 - 25, the ring 
epiphyses of the vertebral bodies have fused with the vertebral body itself and all 
growth of the vertebrae has stopped (Bernhardt and Bridwell, 1989).  The discs 
however, grow by a distributed mechanism of cell proliferation and matrix synthesis 
and by the age of 25, the intervertebral disc is completely avascular.   
Growth is one of the main concerns in adolescent spinal orthopaedics, as the rate of 
growth can vary in all three dimensions.  Longitudinal growth of the spine during the 
adolescent growth spurt is assessed by an increase in sitting height.  Sitting height 
is preferred over standing height as it correlates strictly with trunk height rather than 
leg length.  The average trunk height at birth for both sexes is about 34 cm 
increasing to 88 cm at the end of growth for normal girls and 92 cm for normal boys 
with 30% of this height made up of the thoracic spine (from T1-T12) (Dimeglio and 
Canavese, 2012).  Table 2-1 shows the growth velocity in boys and girls from ages 
1 - 18 years, where an increase in sitting height of approximately 12-13 cm occurs at 
the pubertal growth phase. The longitudinal growth of the thoracic spine is 
approximately 1.1 cm/year during this stage (Dimeglio and Canavese, 2012).   
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For children who have a progressive spinal deformity, such as scoliosis, there is a 
decrease of longitudinal growth and a risk of respiratory insufficiency due to the 
reduced ribcage volume.  To avoid severe respiratory insufficiency, Karol et al., 
reported that a thoracic spinal height of more than 18 cm is needed at the age of 5 
and 22 cm at the age of 10 (Karol et al., 2008).  The shape of the thoracic ribcage 
evolves with age from ovoid at birth to elliptical at skeletal maturity, where the 
average thoracic depth and width at the end of growth in normal children is 21 x 28 
cm in boys and 17.7 x 2.7 cm in girls.  Clinical evaluation and management of 
remaining growth in spinal deformities is discussed in Section 2.3.5. 
Table 2-1: Average growth velocity values (in cm/yr) in normal boys and girls.  
Pubertal spurt is between age 13 and age 15 (●) in boys and between age 11 and age 
13 (○) in girls (Dimeglio and Canavese, 2012). 
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2.2 Biomechanics of the Spine 
To appreciate the differences in function between the healthy and scoliotic spine, it 
is important to understand the normal motion or kinematics of the spine.  Spinal 
motion can be described in terms of the Range of Motion (ROM) in each of the three 
anatomical planes (previously described in the ‘Introduction’ section).  Lateral 
bending (right and left viewed from behind) refers to spinal motion in the coronal 
plane, flexion (forward bending) and extension (backward bending) is motion in the 
sagittal plane, and axial rotation (left and right viewed from above) is motion in the 
transverse plane. 
2.2.1 Axis of Rotation 
To better understand how relative motion occurs between vertebrae during a 
primary motion, an axis or centre of rotation is often defined.  The terms 
Instantaneous Axis of Rotation (IAR) and Instantaneous Centre of Rotation (ICR) 
refer to an axis or point about which a rigid body rotates at some instant of time.  
The terms are used interchangeably in the literature and can be used to describe 
the absolute motion of a vertebra, or its relative motion with respect to an adjacent 
vertebra.  In the healthy spine, the location of the IAR is confined to a relatively 
small area within the spinal motion segment (Figure 2-7 and 2-8).  As these figures 
show, the location of the IAR depends on the primary motion being performed.   
Several studies have investigated the IAR location for the healthy spine for flexion-
extension and lateral flexion and have found that it lies within the intervertebral disc, 
generally in the posterior part of the disc (Cossette et al., 1971, Gertzbein et al., 
1984, Pearcy and Bogduk, 1988).  Qiu et al. developed an FE model of the T10-T11 
motion segment to assess the location of the IAR under six different loads in the 
sagittal plane.   
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In flexion and extension loading (moment 0.9 Nm), the location of the IARs were 
almost identical and positioned below the geometric centre of the superior vertebra.  
The loci of the IARs with increasing load and different load vectors varied greatly, 
particularly under anterior and posterior shear forces (Qiu et al., 2004). 
 
Figure 2-7: Instantaneous axes of rotation for the thoracic vertebrae, where E 
indicates extension, F denotes, L is left and R is right (White and Panjabi, 1990). 
 
 
Figure 2-8: Instantaneous axes of rotation for the lumbar vertebrae, where E indicates 
extension, F denotes, L is left and R is right (White and Panjabi, 1990). 
 
Identifying the location of the IAR in the deformed spine is complex and to the 
author’s knowledge, there is currently no literature regarding the location of the IAR 
for the scoliotic spine.   
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2.2.2 Biomechanical Coupling 
In addition to primary motions in one of the anatomical planes, biomechanical 
coupling can also occur during movements of the spine and trunk.  Coupling occurs 
when one motion (primary or intended plane of movement) is accompanied by a 
secondary motion in a different plane.  The coupling patterns in the thoracic spine 
are of most interest as the articulations with the rib cage have been shown to lead to 
regional variations in movement patterns and functions (Willems et al., 1996).  
Willems et al., 1996 investigated the average in vivo ROM in the primary planes for 
the thoracic region (T1-T4, T4-T8 and T8-T12) in a group of 30 boys and 30 girls, 
aged 18-24 years (Table 2-2).  The results revealed that axial rotation presented the 
highest ROM in the thoracic region, followed by sagittal and coronal plane motion 
(Willems et al., 1996).  With the exception of rotation to the left in the T8-T12 region, 
there were no significant differences between genders for each movement. 
Table 2-2: Average values (in degrees (SD)) of primary movements in the T1-T4, T4-T8 
and T8-T12 region, in male (n=30) and female (n=30) subjects.  (*) Indicates significant 
differences between male and females p<0.005) (Willems et al., 1996). 
 
 
 
In the same study, Willems et al., 1996 also reported that lateral flexion was 
accompanied predominantly by ipsilateral (occurring on the same side of the body) 
axial rotation in 47% of the subjects at segments T1-T4; 83% of the subjects in 
segments T4-T8; and 68% of the subjects in segments T8-T12.  The remainder of 
the subjects produced contralateral (occurring on the opposite side) coupling 
between lateral flexion and axial rotation within each segmental region.  The primary 
motions along with their associated coupled motions are shown in Table 2-3. 
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Table 2-3: Average degrees (SD) of primary and associated coupled motions for 
each thoracic region (T1-T4, T4-T8, T8-T12) for 30 males and 30 females aged 18-24 
years* (Willems et al., 1996). 
  
Movement T1-4 T4-8 T8-12 
Flexion 8.6 (5.0) 10.7 (3.8) 12.7 (3.4) 
Coupled LF 2.1 (1.9) 1.4 (1.0) 1.5 (1.4) 
Coupled Rot 3.5 (3.1) 3.4 (2.7) 1.9 (1.7) 
Extension 8.1 (7.2) 8.9 (5.3) 8.8 (5.0) 
Coupled LF 2.0 (1.6) 2.8 (2.7) 2.7 (2.6) 
Coupled Rot 3.9 (3.7) 4.4 (3.7) 4.5 (4.1) 
Lateral Flexion 6.0 (2.5) 8.1 (2.3) 12.4 (2.5) 
Coupled Rot 3.5 (2.5) 6.6 (4.6) 4.9 (4.2) 
Coupled Flex/Ext 2.4 (2.0) 2.4 (1.7) 2.5 (2.5) 
Rotation 13.6 (5.0) 23.3 (6.1) 9.1 (5.4) 
Coupled Rot 2.5 (2.0) 7.1 (3.8) 7.3 (3.0) 
Coupled Flex/Ext 3.3 (2.6) 3.1 (2.4) 4.1 (2.7) 
  
Note: ranges of primary movements, lateral flexion and rotation to the left and right have 
been averaged. No directions are given for the coupled motions. 
 
 
A systematic review by Sizer at al., reported on six 3D biomechanical studies on the 
coupling behaviour of the spine and found that there were conflicting findings – 
which suggests that the thoracic spine coupling patterns are inconsistent (Sizer et 
al., 2007).  However, the study design, measurement method and tissue preparation 
significantly varied for each study in the review.   
With regards to the lumbar spine, there is no general consensus on the direction 
and magnitude of segmental coupled motions in the lumbar spine, although it has 
been shown that age and gender do not affect coupling behaviour in the spine.  
From a clinical perspective, it is important to understand the nature and implications 
of three-dimensional biomechanical coupling on the spine, particularly for patients 
affected by spinal trauma or scoliosis where abnormal coupling patterns can occur 
(Dayer et al., 2013).   
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2.3 Adolescent Idiopathic Scoliosis (AIS) 
Scoliosis can present at any age but it is most commonly (80% of cases) seen in 
adolescents aged 10-18 years old.  Approximately 2-4% of adolescents have 
idiopathic scoliosis, predominantly girls, with 30% of AIS patients having some 
family history of scoliosis (SRS, 2014a).  This type of scoliosis becomes apparent 
during the adolescent growth spurt, typically after 10 years old.  The term idiopathic 
refers to the unknown aetiology of the deformity; therefore idiopathic scoliosis is a 
diagnosis of exclusion, where possible causes such as leg length inequality or 
neurological disorders are eliminated.  It is well reported that right-sided thoracic 
curves are the most common type of curve in AIS patients, with approximately 90% 
of patients presenting this curve type.  Left sided thoracic curves are considered 
atypical and are usually investigated for neurological abnormalities such as Chiari I 
malformation (Wu et al., 2010).    
2.3.1 Curve Patterns and Distortion of Individual Vertebrae and Ribs 
Scoliosis generally manifests as several abnormal curves in the thoracolumbar 
spine.  Often there will be a main or major curve (the curve with the largest Cobb 
angle), accompanied by minor compensatory curves above and below the major 
curve.  The compensatory curves are the body’s method of compensating for the 
major curve to maintain balance.  Patients can present a variety of curve patterns 
depending on the location and the magnitude of the curve.  Each scoliotic curve can 
be described in terms of its region in the spine, and whether it is convex to the left or 
to the right side of the body.  For example a ‘right thoracic major curve’ is the largest 
scoliotic curve in a patient, occurs in their thoracic spine, and has a convexity 
pointing to the right side of the body.  An example of this type of curve is shown in 
Figure 2-9, where the upper and lower compensatory curves are also indicated.   
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 Rib hump 
 
Figure 2-9: Right-sided thoracic curve with major curve and compensatory curves 
indicated.  Source: Image obtained from the PSRG. 
As well as the overall curvature of the spinal column in scoliosis, individual bones 
(the vertebrae and ribs) are distorted.  Figure 2-10 shows the effect of scoliosis on 
the individual vertebrae and ribs (looking from below in the axial plane).  On the 
concave side of the curve, the vertebral body is rotated and the anterior ribs are 
pushed anteriorly as they follow the rotation of the vertebrae.  On the convex side of 
the curve, the posterior ribs are pushed posteriorly and are widely separated which 
causes the characteristic rib hump seen in thoracic scoliosis.   
 
 
Figure 2-10: Effect of Scoliosis on the individual vertebrae and ribs (left) and the 
characteristic rib hump seen in thoracic scoliosis (Guille et al., 2007). 
 
Main thoracic right-sided curve 
Lower compensatory curve 
Upper compensatory curve 
Main right-sided thoracic curve 
Lower compensatory c
Upper compensatory c
Rib Hump 
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2.3.2 Natural History of Scoliosis 
2.3.2.1 Prevalence of AIS 
Scoliosis is present in 2-3% of adolescents aged 10-16 years of age.  The ratio of 
boys to girls with small curves is almost equal but this ratio increases with curves 
greater than 20°.  Table 2-4 presents both the female to male ratio of cases, and the 
prevalence of the deformity as the curve magnitude increases, where it is clear to 
see that girls are at high risk of curve progression with a 10:1 ratio for curves 
greater than 30°. 
Table 2-4: Prevalence of scoliosis in the general population according to the Cobb 
angle (Weinstein, 1999). 
 
 
Cobb angle Female : Male Ratio Prevalence (%) 
>10o 1.4 : 1 2-3 
>20o 5.4 : 1 0.3-0.5 
>30o 10 : 1 0.1-0.3 
>40o - <0.1 
 
2.3.2.2 Progression Risk 
The main problem associated with scoliosis is curve progression in the skeletally 
immature patient.  The risk of progression before skeletal maturity is primarily 
related to curve-specific factors and growth potential.  Therefore, there is a greater 
risk of progression for female patients who have right-sided thoracic or double 
curves and for those before onset of menarche or with low Risser grades.  The risk 
of progression after skeletal maturity (i.e. Risser 5) in curves <30° is much lower.  
Thoracic curves >50° progress approximately 1°/year which if left untreated can 
lead to severe spinal deformities in early adulthood, especially if a patient has a 50° 
curve at the age of 18.  For example, if a patient has a 50° curve at 18 years of age, 
the curve may increase to 90° by 58 years of age.  Lumbar curves >30° progress 
about 0.5°/year (Weinstein and Ponseti, 1983).  Table 2-5 summaries the risk of 
progression with curve magnitude and age at initial detection. 
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Table 2-5: Risk of progression (%) with curve magnitude and age at initial detection of 
scoliosis (Weinstein et al., 2003). 
 
 
Cobb angle 10-12 years 13-15 years 16 years 
<19o 25% 10% 0% 
20-29o 60% 40% 10% 
30-39o 90% 70% 30% 
>40o 100% 90% 70% 
 
2.3.2.3 Other consequences of scoliosis 
There are many other aspects of scoliosis that are reported in the literature 
including: pain, poor self-image, cardiorespiratory and pulmonary impairment.  
Asher and Burton reported curves of 50° at skeletal maturity are at increased risk of 
developing shortness of breath (Asher and Burton, 2006).  For severe thoracic 
curves above 85° there is an increase in cardiorespiratory impairment and 
dyspnoea (Dubousset, 2011).   
Pain has also been reported to be significantly higher for patients who leave 
scoliosis untreated, however pain severity has been shown to not correlate with 
curve size (Ponseti and Friedman, 1950).  Patients with untreated scoliosis can 
develop significant deformity, which can result in cosmetic and physiological effects  
(Weinstein et al., 2003).  Whilst there is currently no evidence that untreated AIS 
results in increased mortality, it should not be assumed that AIS never causes death 
from cardiopulmonary failure (Asher and Burton, 2006).   
2.3.3 Biomechanics of Progression 
A question of prime importance in idiopathic scoliosis is not only how the deformity 
arises but also, why and in which patients does scoliosis progress?  This section will 
cover some of the key biomechanical theories of scoliosis progression and the 
evidence surrounding them.  An early study by Haderspeck and Schultz, proposed 
the theory of ‘column buckling’ that suggested lateral buckling of a deformable 
column would be likely to occur in an abnormally slender or abnormally flexible 
spine, or one that is subjected to abnormal loads (Haderspeck and Schultz, 1981).  
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In 1984, Schultz explored the differences between spine slenderness and flexibility 
in patients with and without scoliosis.  The results reported that girls had 
significantly more slender spines than boys (p<0.01 between 12-15 years) and that 
girls with structurally normal spines have significantly (p<0.05) more lateral bending 
flexibility than girls with scoliosis, indicating that neither slenderness or flexibility 
could explain the development of scoliosis (Schultz et al., 1984).  Similarly, studies 
involving trunk-muscle strength and trunk-muscle asymmetry have provided no 
evidence to suggest they play a role in deformity progression, but rather they are a 
result of progression (Mattson et al., 1983). 
 
Abnormal loading on the spine  has been  explored by Reuber et al., who developed 
a simple computational model to simulate abnormal loading on the spine and 
investigate the possible involvement of asymmetrical trunk-muscle contraction 
forces in progression (Reuber et al., 1983).  The results from the model revealed 
that once a lateral curvature presents in a spine (with the trunk in the upright 
position), the weight of the body segments superior to that curve create a lateral 
bending moment that causes the deformity to progress (Figure 2-11).  For a patient 
with a mild scoliotic curve, the weight of the body segments is in the order of 200 N 
with lateral offset of the apical vertebra greater than 2.5 mm, such that the moment 
created is in the order of 0.5 Nm. 
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Figure 2-11: Schematic diagram of the moment produced when body weight acts on a 
laterally-offset spine.  Where W denotes weight of all body segments above the apical 
level, D denotes the lateral translation of the apical vertebra from the body mid-line, 
and M denotes the lateral bending moment at the apex that results from this lateral 
offset.  (Reuber et al., 1983). 
The development of scoliosis appears to occur in two stages, initiation of the curve 
and subsequent deformity progression.  As mentioned in the Introduction, a number 
of studies lean towards the idea that following onset, the progression of AIS is 
governed by the Hueter Volkmann principle which states that asymmetric loading or 
compression of the growth plates inhibit growth leading to vertebral wedging.  The 
Vicious Cycle Theory is an extension of this principle, whereby the uneven 
distribution of compressive forces in the scoliotic spine leads to asymmetric loading 
and asymmetrical epiphyseal growth, thus causing additional asymmetric loading 
and deformity progression (Figure 2-12) (Stokes et al., 2006, Villemure et al., 2002).   
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Figure 2-12: Schematic of the Vicious cycle theory, involving asymmetric loading of 
the growth plates that results in asymmetric growth of the vertebrae and discs 
(Stokes et al., 2006). 
 
2.3.4 Aetiology of AIS 
As already mentioned, idiopathic scoliosis is a diagnosis of exclusion and its cause 
remains unclear.  A number of theories have been developed to attempt to explain 
the initiation of spinal asymmetry which occurs in scoliosis, and this section provides 
a brief overview of the key theories.  Genetics, abnormal growth, muscle structure, 
biomechanics, hormones and platelet microstructure are some of the major areas of 
focus.   
Note, however, that scoliosis aetiology is not the primary focus of this thesis, and 
therefore the treatment given here is brief compared to the volume of literature on 
the topic.   
  
Wedging of 
vertebrae and discs 
Asymmetric 
Growth 
Asymmetric 
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Genetic and Hereditary Factors 
The role of genetic factors in the development of AIS has been widely accepted 
(Cowell et al., 1972, Harrington, 1977, Dickson, 1992).  In 1997, a total of 100 twin 
sets were evaluated for evidence of monozygosity (twins share 100% of their 
genes), concordance (both twins having a scoliotic curve), curve pattern and curve 
severity.  A meta-analysis of the different twin studies reported a concordance rate 
for monozygotic twins of 73% (27 out of 37 pairs) compared to  36% (11 out of 31) 
in dizygotic twins (Esteve, 1958, Kesling and Reinker, 1997).  The genes 
responsible for enabling Transforming Growth Factor-beta (TGF-β) signalling are 
also considered as possible candidate genes related to the development of 
idiopathic scoliosis (Nowak et al., 2014). 
Hormonal Factors 
The higher prevalence of AIS observed in females has suggested that perhaps AIS 
is associated with hormonal factors.  Girls with AIS have been reported to have 
normal to lower oestrogen levels with testosterone levels either raised or lower than 
normal (Raczkowski, 2007, Wu et al., 2006).   
Muscle Asymmetries 
Since the 1950’s, numerous studies have documented muscle asymmetries in 
scoliosis patients by using surface electromyography (EMG) to assess amplitude of 
activity (Riddle and Roaf, 1955, Hopf et al., 1998).  Bayer et al reported EMG 
measurements on 100 scoliotic patients and found that in 80% of the patient group, 
the extending muscles of the back had higher activity on the convex side of the 
curvature (Bayer, 1951).   
Muscle activation patterns pre- and post-operatively of sixteen thoracic idiopathic 
scoliosis patients found statistically significant increased activity of the muscles on 
the convex side of the curve, particularly in the tensor fasciae latae muscles.  
Chapter 2: Literature Review Page 43 
 
Post-operatively, the biomechanical asymmetry in the upper body reduced 
considerably, suggesting that the inherent asymmetries in muscle activities may be 
an origin of progressive idiopathic scoliosis (Hopf et al., 1998).  Alternative EMG 
methods such as single fibre EMG, premotor time (also known as EMG-latency), 
and EMG-time curve with integrated EMG have indicated that idiopathic patients 
have asymmetrical activity in back muscles at the apical vertebra level, with 
significant increased fibre density in the extensor digitorum communis muscle 
(Trontelj and Fernandez, 1988, Shimode et al., 2003). 
Abnormal Growth 
It is widely accepted that abnormal growth is associated with the development and 
progression of scoliosis (Lonstein and Carlson, 1984, Wang et al., 2010, Loncar-
Dusek et al., 1991, Busscher et al., 2010).  Many studies have suggested that 
disproportionate growth of the anterior and posterior column may contribute to the 
development of AIS (Roaf, 1966, Deacon et al., 1984, Machida, 1999).   
Guo et al. assessed the growth of the anterior and posterior elements of the spinal 
column in the sagittal plane using MRI scans from 83 AIS girls (aged between 12-14 
years with Cobb 20-90°).  Compared with age-matched controls, their findings 
reported disproportionate and faster longitudinal growth of the anterior vertebral 
bodies and slower growth of the posterior elements in patients with thoracic scoliotic 
curves (Guo et al., 2003).  In addition, the mechanisms that cause the anterior 
overgrowth were explored and summarised to include: that AIS is associated with a 
loss of coupling between the endochondral and membranous ossification during the 
adolescent growth phase; there were longer vertebral bodies confirming faster 
growth of the anterior column; and there was dissociation between longitudinal and 
circumferential growth.   
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Girls with idiopathic scoliosis have a tendency to be taller and more slender than 
their peers.  Archer and Dickson, reported that children with curves >15° are taller 
than those with smaller curves, due to flattening of the thoracic kyphosis (Archer 
and Dickson, 1985).  Chu et al., found that AIS patients with thoracic or 
thoracolumbar curves had longer vertebral column length without corresponding 
changes in spinal cord length (Chu et al., 2006).  In some patients, it has also been 
hypothesised that cerebellar tonsillar ectopia (i.e. abnormal location or position of 
the cerebellar tonsils) may play a role in the development of the deformity (Abul-
Kasim et al., 2009).   
Thoracic rib cage studies have revealed that girls with right-sided thoracic curves 
have significant asymmetry of peri-apical rib length, though it is unclear whether this 
costal asymmetry phenomenon is pathogenetic or secondary to the scoliosis 
deformity (Normelli et al., 1985, Zhu et al., 2011, Sevastik et al., 2003).  
Furthermore, Sevastik et al., proposed the ‘thoracospinal concept’ etiopathogenesis 
for girls with right thoracic AIS.  According to the concept, the aetiology of thoracic 
curves is based on the assumption that the thoracic spine is inclined to rotate to the 
right, which when combined with longitudinal overgrowth of the left periapical ribs 
results in the development of scoliosis (Sevastik et al., 1995).  By contrast, Stokes 
et al., reported that in 58% of patients (N=19) with right single thoracic curves, the 
rib arc lengths were 3% greater on the right side at the apex of the curve (Stokes et 
al., 1989). 
Mechanobiology 
The term mechanobiology is a relatively new concept that describes the biological 
response of skeletal tissues (tendons, cartilage, bone etc) to mechanical stimuli 
(Van der Meulen and Huiskes, 2002).  It incorporates the basic principles of bone 
remodelling (Wolff’s law) and growth modulation (Hueter-Volkmann principle) with 
mechanosensing, mechanotransduction and mechanoregulation.  
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A study on the effect of mechanical loading on the process of endochondral bone 
growth has shown that increased pressure on the physis retards growth and 
reduced pressure causes the growth to accelerate (Villemure and Stokes, 2009).   
In the context of scoliosis, mechanobiological growth models have been developed 
to investigate biomechanical factors causing progressive scoliosis, but further 
studies are required to truly understand the mechanisms by which the phenomenon 
affects the deformity (Lin et al., 2009).  
Lordosis and Shear Forces 
A simple study by Deacon and Dickson reported that when ‘true’ lateral views were 
taken, lordosis at the major thoracic curve apex is present in every case of 
idiopathic scoliosis due to the reversed wedging of the vertebral bodies in the 
sagittal plane (Deacon and Dickson, 1987, Cruickshank et al., 1989).  When a 
standard lateral radiograph is taken, the rotary aspect of the deformity is not clearly 
seen as the coronal curve causes overlapping images of the vertebrae that defy 
accurate interpretation.  This study created a ‘true’ lateral radiograph by adjusting 
the patient’s position by the measured apical rotation aspect of scoliosis from the 
patient’s standard PA radiograph (which was found to be somewhere between 
standard AP and lateral positioning). 
Castelein et al., hypothesise that in the upright position, thoracolumbar vertebrae 
are subject to reduced anterior shear forces that can lead to dorsal (posteriorly 
directed) shear forces that result from gravity and muscle activity.  This may 
contribute to rotational instability of the spine, introducing asymmetric loading and 
growth of the posterior elements, according to Hueter-Volkmann’s law (Castelein et 
al., 2005).  These dorsal force vectors increase in magnitude with steeper or more 
inclined segment and with reduced kyphosis. 
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Platelet Calmodulin 
Calmodulin (a CALcium-MODulated proteIN) is a calcium-binding protein found 
ubiquitously in the cytoplasm of eukaryotic cells that is not only a second 
messenger of melatonin but “acts as a systemic mediator for tissues with a 
contractile system (actin and myosin)” (Lowe et al., 2002).  Melatonin and 
calmodulin are believed to play an important role in the development of idiopathic 
scoliosis (Acaroglu et al., 2009, Lowe et al., 2004, Machida et al., 1996, Brodner et 
al., 2000, Lombardi et al., 2011).  Studies involving AIS patients with progressive 
curves (Cobb >30°) have reported increased levels of platelet calmodulin with 
higher levels on the convex side of the curve, and an asymmetric distribution of 
calmodulin in paraspinal muscle (Lowe et al., 2002, Acaroglu et al., 2009). 
Osteopenia and Abnormal Bone Quality 
Low bone mineral density (BMD) in both cortical and cancellous bone of AIS girls 
have been reported in the literature, however the exact mechanisms and causation 
of low BMD are not yet identified.  Cheng et al, measured BMD using dual energy 
X-ray absorptiometry and found osteopenia in 33.3% of girls (N=14) with AIS.  A 
longitudinal follow up study (by the same group) showed persistent osteopenia in 
80% of the 14 girls with AIS (Cheng et al., 1999).  Late onset of menarche, higher 
bone turnover and relative low-calcium intake have been considered as possible 
causes of osteopenia in girls with AIS (Cheng et al., 2001, Hung et al., 2005).  In 
addition, Hung et al., found osteopenia to be a prognostic factor of curve 
progression (Hung et al., 2005). 
Curve Patterns in Scoliosis and Non-scoliotic subjects 
As a side note, it is also worth mentioning here that studies by Kouwenhoven et al., 
and Janssen et al., recently identified that in the normal non-scoliotic adult spine, 
there is a rotational pattern that corresponds to the most common curve types in 
AIS.   
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In infantile idiopathic scoliosis, curves are typically left-sided with a higher incidence 
in boys than girls, whereas in adolescent idiopathic scoliosis, the thoracic curve is 
typically right-sided with more girls affected.  The direction of the curve therefore, is 
determined by the pre-existent rotational pattern present in the normal spine 
(Janssen et al., 2011, Kouwenhoven et al., 2006). 
 
2.3.5 Clinical Assessment of Scoliosis 
2.3.5.1 Adams’ Forward Bend Test  
The standard non-invasive test used to assess whether a patient has scoliosis is the 
Adams’ Forward Bend Test (Grivas et al., 2007).  As previously described in the 
Introduction, the patient is required to bend forward towards their feet whilst a 
scoliometer (which measures distortions of the torso) is placed on their back to 
measure the apex of the upper curve (refer to Figure 1-2(b)). 
2.3.5.2 Cobb Method 
Curve magnitude and severity is measured using the Cobb method, commonly on a 
conventional coronal standing X-ray.  Each patient can have two to three scoliotic 
curves but the one of most interest (and concern) is the major structural curve.  The 
Cobb angle is measured by drawing two lines parallel to the upper and lower 
endplates of the most tilted upper and lower end vertebrae.   
The major scoliotic curve will encompass the apex, the most laterally deviated 
vertebra or disc (Figure 2-13).  The minor, compensatory curves lie above and/or 
below the major curve and can also be measured using the Cobb angle.  Any 
patient with a major curve measuring above 10 Cobb angle is considered scoliotic.  
The upper and lower part of the major curve refers to the vertebrae and discs above 
or below the apex (Figure 2-13).   
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Figure 2-13: Cobb angle method used to measure curve severity in the coronal plane 
with upper and lower part of major curve indicated (Cobb, 1948). 
 
A Cobb angle increase of more than 5° between two successive coronal plane 
radiographs is considered to be clinically significant and is often the basis for 
determining treatment outcomes (particularly for curves where bracing or surgery 
would be considered).  The use of the 5° threshold for progression is nominally to 
account for measurement error and possible minor changes in patient positioning 
between radiographs, however, a number of inter-observer and intra-observer 
measurement variability studies have found that the variability in Cobb angle 
measurements can be up to 8°, which can potentially lead to unreliable decision-
making (Carman et al., 1990, Morrissy et al., 1990, Gstoettner et al., 2007).  Other 
2D scoliosis parameters that are measured radiographically are kyphosis and 
lordosis.  A sagittal X-ray is taken with the patient standing, with their hands usually 
holding on to an object (such as a bar) at 90°.   
The Cobb angle can then be used to measure the thoracic kyphosis between the 
superior endplate of the highest measurable thoracic vertebra (typically T2 or T3) 
and the inferior endplate of T12.  Similarly, lumbar lordosis is measured from the 
superior endplate of L1 to the superior endplate of S1 of the same radiograph.   
Upper curve 
Lower curve 
Apex 
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Figure 2-14: Standing coronal Postero-Anterior (PA) and sagittal radiograph series for 
the same patient, where, the central sacral vertical lines (CSVL) are indicated in red.  
Source: Image obtained from the PSRG. 
Figure 2-14 shows a typical PA coronal and sagittal radiograph series (for the same 
patient) with the Central Sacral Vertical Line (CSVL) indicated in red.  The CSVL is 
used to measure coronal and sagittal balance.  In the coronal plane, a vertical line is 
drawn from the centre of S1 and the deviation of T1 from this line is measured.  A 
deviation greater than 25 mm between T1 and the sacrum has been defined as 
coronal decompensation (Emami et al., 2002).  In the sagittal plane, a vertical line is 
drawn from the postero-superior edge of S1 and the deviation of T1 from this line is 
measured.  A deviation of greater than 40 mm has been defined as sagittal 
decompensation (Emami et al., 2002).   
Clinically, the terms coronal and sagittal imbalance are commonly used.  According 
to the SRS, imbalance can be either fixed or flexible i.e. a patient is able or unable 
to maintain a normal weight bearing line between their head and their pelvis.  The 
body can sometimes compensate for this imbalance by flexing the knees or hips, 
whilst in decompensated imbalance, it cannot (SRS, 2014b). 
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2.3.5.3 Spine Flexibility  
Assessment of spine/curve flexibility is particularly important for pre-operative 
planning as it helps determine the type of surgical procedure that should be 
performed (and the number of levels to be fused) and predicts post-operative curve 
correction.  Traditionally, spinal flexibility has been assessed by active side-bending 
radiographs in either the supine or standing position (Figure 2-15).   
 
 
Figure 2-15: A pre-operative standing radiograph of a braced patient (left) and their 
corresponding active bending radiograph (right).  Source: Image obtained from the 
PSRG. 
 
Today, curve flexibility is more commonly assessed using pre-operative push-prone 
and fulcrum bending radiographs (Figure 2-16), whereby the patient is required to 
lie laterally over a cylindrical bolster positioned at the curve apex (such that the load 
is more controlled than active side-bending).  Fulcrum bending radiographs are 
advantageous in that they do not require voluntary muscle activation by the patient, 
therefore patients with intellectual impairment, neurological or muscular disorder 
can still participate.  In addition, it has been found to be highly predictive of the 
curve correction outcome of posterior spinal surgery (Cheung and Luk, 1997) and 
more recently anterior spinal surgery (Hay et al., 2008). 
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Figure 2-16: Fulcrum bending radiograph of patient X (left) and a photo of the patient 
positioning used to measure flexibility on a fulcrum bending radiograph (right) 
(Cheung and Luk, 1997).  Source: Image obtained from the PSRG. 
 
The Cobb angle is measured on the fulcrum bending radiograph and used to 
calculate the fulcrum flexibility index (FFI) (Cheung and Luk, 1997), 
 
𝐹𝐹𝐼 =
𝑃𝑟𝑒−𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑟𝑜𝑛𝑎𝑙 𝐶𝑜𝑏𝑏 − 𝐹𝑢𝑙𝑐𝑟𝑢𝑚 𝑏𝑒𝑛𝑑𝑖𝑛𝑔 𝐶𝑜𝑏𝑏
𝑃𝑟𝑒−𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑟𝑜𝑛𝑎𝑙 𝐶𝑜𝑏𝑏
 ×  100%.     (Equation 2-1) 
 
Clinicians can then predict curve correction by using, 
𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 =  
𝑃𝑟𝑒 − 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑣𝑒 𝐶𝑜𝑏𝑏 𝑎𝑛𝑔𝑙𝑒 − 𝑃𝑜𝑠𝑡 − 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑣𝑒 𝐶𝑜𝑏𝑏 𝑎𝑛𝑔𝑙𝑒
𝑃𝑟𝑒 − 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑣𝑒 𝐶𝑜𝑏𝑏 𝑎𝑛𝑔𝑙𝑒
  ×  100%. 
 
to calculate the Fulcrum Bending Correction Index (FBCI),  
𝐹𝐵𝐶𝐼 =  
𝐶𝑜𝑏𝑏 𝑎𝑛𝑔𝑙𝑒 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
𝐹𝑢𝑙𝑐𝑟𝑢𝑚 𝑓𝑙𝑒𝑥𝑖𝑏𝑖𝑙𝑖𝑡𝑦 𝑖𝑛𝑑𝑒𝑥
  ×  100%.           (Equation 2-2) 
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2.3.5.4 Curve Classification 
AIS patients exhibit a variety of curve patterns.  Scoliosis was traditionally classified 
by the major lateral curve on a standing coronal plane radiograph (Stokes and 
Aronsson, 2001).  With increased knowledge and advances in surgical procedures, 
new, more detailed classifications appeared.  
Scoliosis classification systems are important for clinicians to accurately 
characterise the deformity and treat it effectively.  With respect to naming of curves, 
the term structural refers to a curve that has stiffness, such that it does not 
disappear when the person changes position (e.g. from sitting to standing).  
Clinically speaking, the Cobb measurement of a structural curve will not correct past 
zero on a lateral bending radiograph.  Non-structural (or compensatory curves) refer 
to a reversible lateral curvature that resolves when the patient is seated or 
recumbent.  This type of curve is flexible showing normal mobility on a lateral 
bending radiograph (SRS, 2012). 
The initial attempt to classify idiopathic curves was made by Ponseti and Friedman 
in 1950, where cases were divided into single, double and triple curve patterns 
(Ponseti and Friedman, 1950).  Curve patterns were named according to the 
location of the apex such that the apex of the thoracolumbar curves was at T12 to 
L1, above T12 for thoracic curves above and below L1 for lumbar curves below. 
However, this classification system could not capture the true complexity of the 
deformity with curve type and location alone.   
In 1983, King and Moe introduced an ordinal classification system that 
characterised scoliosis into five different curve types (that incorporated curve 
pattern, magnitude and flexibility) to establish the limits of the fusion in surgical 
procedures (King et al., 1983).   
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Figure 2-17 illustrates the five curve types according to the King-Moe classification 
system, where the description of each curve type is given below: 
 
 
Type I 
S-shaped curve in which both the thoracic and lumbar curves cross 
the midline. 
Lumbar curve is larger and less flexible than that of the thoracic 
curve. 
Type II 
S-shaped curve in which both the thoracic and lumbar curves cross 
the midline. 
Thoracic curve is larger and less flexible than lumbar curve 
Also known as “false double major” curve. 
Type III 
Single thoracic curve in which lumbar curve does not cross the 
midline. 
Type IV 
Long thoracic curve in which L5 is centred over the sacrum and L4 is 
tilted into the thoracic curve. 
Type V Double thoracic curve with T1 tilted into convexity of upper curve. 
 
Figure 2-17: King-Moe classification system of thoracic curve patterns in idiopathic 
scoliosis (King et al., 1983). 
The main disadvantage of the King system however, was that it did not evaluate the 
curve in the sagittal plane and did not consider scoliosis with double or triple major 
curves. It was developed to guide treatment in the era of Harrington instrumentation.  
In 2001, Lenke et al., introduced a new, more complex classification system for 
idiopathic scoliosis that requires a coronal and sagittal X-ray (Lenke et al., 2001).  
This classification method consists of six curve patterns (Type 1 to 6) according to 
curve location (proximal thoracic, main thoracic and thoracolumbar/lumbar), a 
lumbar spine modifier (A, B and C) based on the relationship of the CSVL to the 
apex of the lumbar curve and a sagittal thoracic modifier (-, N, or +) based on the 
kyphosis measured between T5 and T12 as shown in Figure 2-18.   
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The primary or major curve is the curve with the largest Cobb angle that can be 
classified as either structural or non-structural depending on whether the spine is 
flexible.  The secondary or minor curve is often referred to as the compensatory 
curve, believed to have developed after the major curve to maintain spinal balance.  
The term ‘structural’ as defined in the Lenke classification system, refers to a curve 
which remains greater than 25° on side-bending, although conventionally a 
‘structural curve’ is one that has a rotational component (which is not present in 
non-structural and postural curves).   
Types 1 and 2 refer to structural thoracic scoliosis; Type 5 refers to structural 
thoracolumbar/lumbar scoliosis; Types 3, 4, 6 include structural thoracic and 
thoracolumbar/lumbar curves.  The classification relies on measurements taken 
from both PA and lateral standing radiographs and is intended to assist clinicians in 
making treatment decisions (Lenke et al., 2001).  For example, a patient with a 
structural major thoracic curve and a non-structural proximal thoracic and lumbar 
curve with the CSVL between pedicles would be classified as a Lenke Type 1A.  If 
their thoracic sagittal profile (T5-T12) was <10° then a minus sign would be added 
such that their classification would read 1A-. 
 
Figure 2-18: Lenke Classification system for AIS (Lenke et al., 2001). 
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2.3.5.5 Assessing Skeletal Maturity 
In adolescents with scoliosis, the remaining growth potential can be assessed on 
the basis of the patient’s age, skeletal maturity and the appearance of secondary 
sex characteristics or menarche.  This is important because AIS patients who are 
pre-menarchal and who are not skeletally mature have a higher potential for growth 
and therefore a greater risk of scoliosis progression.  Assessing skeletal maturity in 
patients with AIS can be difficult as chronological age is not an accurate predictor of 
maturity.   
The Risser sign is the most commonly used method to assess patient skeletal 
maturity (Risser, 1958).  It is classified into 5 stages (0-5) depending on how much 
the growth plate has ossified on the iliac apophysis (pelvis), where 5 indicates the 
end of growth (the iliac crest is fully fused) and the patient has reached skeletal 
maturity (Figure 2-19).  Note that Risser 0 is not shown on the Figure as it is the 
stage where no ossification centre is seen in the apophysis.   
 
Figure 2-19: Risser Grading system used for measuring skeletal maturity, where 1 
indicates the start of growth with the iliac crest open and 5 signifies the end of growth 
with full fusion of the iliac crest.  Source: Scoliosis Australia. 
 
For younger patients or those who are skeletally immature and have not yet 
reached Risser 1 (i.e. they are Risser 0), another method of skeletal maturity is 
used, called the Olecranon Apophysis method.  This method assesses the 
olecranon (elbow) apophysis during peak height growth velocity on a lateral elbow 
radiograph prior to the appearance of the iliac apophysis (Figure 2-20).   
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Figure 2-20: Olecranon Apophysis Method and Growth Velocity Graph (Charles et al., 
2007). 
 
The accelerated growth velocity occurs before the elbow has completely ossified i.e. 
at Risser Grade 0 and the decelerating growth phase will begin at Risser Grade 1, 
which is typically 13.5 years for girls and 15.5 years in boys (Charles et al., 2007).  It 
is also important to note that the maximum growth velocity of sitting height (a direct 
measure of trunk height) is around 12.5 years of age for girls.   
2.3.6 Non-Surgical Treatment Methods 
Although numerous methods have been developed for the treatment of AIS, the 
most widely adopted treatments at present are; bracing (which is a non-invasive 
attempt to prevent further progression of the deformity) or corrective surgery for 
cases that do not respond to bracing.  This section gives an overview of the current 
treatment methods available.  Bracing is often recommended for patients who are 
still growing and who have a spinal curve in the range of 20°- 40° coronal Cobb 
angle (Figure 2-21).   
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A brace will not usually permanently reduce the curvature but rather aims to halt the 
progression of the major curve until the end of growth.  The most common type of 
brace prescribed to AIS patients with thoracic or lumbar curves is the Thoraco-
Lumbo-Sacral-Orthosis (TLSO), which works by applying a three-point pressure to 
the curve as indicated In Figure 2-21.  This system is believed to unload the growth 
plates on the concave side of the vertebral bodies near the apex of the curve 
(Frank, 2003).  However, if a curve progresses to a Cobb angle greater than 45°, 
then surgery is considered.   
 
Figure 2-21: Patient wearing TLSO brace for scoliosis (Yellow arrows indicate 
compressive force exerted by the brace).  Source: Image obtained from the PSRG. 
 
Other types of braces include: Cervico-Thoraco-Lumbo-Sacral-Orthosis (CTLSO) 
also known as a Milwaukee brace.  It is similar to a TLSO but includes a neck ring 
and is typically prescribed to patients with a high thoracic curve.  The Charleston 
Bending Brace is prescribed for night-time wear only.  Curves must be in the range 
of 20°- 40° and the apex of the curve needs to be below the level of the shoulder 
blade for the Charleston brace to be effective. 
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One of the main disadvantages to wearing a brace is the length of time the patient is 
required to wear one.  A brace is typically prescribed to be worn for 23 hours a day 
until skeletal maturity, which can often be for 1-3 years depending on when the 
patient received the brace (SRS, 2014a).  Patient compliance is therefore low due to 
the cosmetic and social concerns associated with wearing a brace.   
As mentioned in the Introduction, the evidence surrounding the efficacy of bracing is 
controversial.  A brace study of 100 AIS patients (91 female, 9 male) reported that 
increased brace wear of more than 12 hours per day showed successful outcomes 
(Cobb angle <6° of curve progression) in 82% of patients.  Those patients who wore 
a brace for seven to twelve hours a day had a success rate of 61% compared to 
only 31% in those who wore their brace less than seven hours a day (Katz et al., 
2010).   
A recent study by Weinstein et al., on a group of 242 AIS patients (for whom 116 
were randomly assigned to bracing or observation and 126 could choose whether to 
be braced or observed), also reported a significant positive association with brace 
wear and treatment success (p<0.001).  However, the study also reported that 
whilst bracing significantly decreased the progression of high risk curves (Cobb 
>50°), 48% of patients who were observed and did not receive bracing treatment 
still had a successful outcome.  In addition, 41% of patients who only wore their 
brace for 0-6 hours a day also had a successful outcome. 
2.3.7 Surgical Techniques for AIS 
For patients with severe curves or curves at high risk of progression, spinal 
instrumentation and fusion surgery is recommended.  Spinal fusion is an invasive 
surgical procedure that stops growth of the spine where the fusion occurs.   
 
Chapter 2: Literature Review Page 59 
 
The joints of the spine are initially removed, and a bone graft is placed between the 
vertebrae to aid the fusion process such that the vertebrae begin to heal and form a 
single rigid bone.  The procedure can be performed both anteriorly and posteriorly 
and can involve a combination of screws, plates, hooks and rods to straighten and 
stabilise the spine during the 3-6 months it takes for the vertebrae to fuse after the 
operation.  The aim of this type of surgery is to correct and halt the curve whilst 
restoring stability and alignment.  Surgical treatment (by fusion and fusionless 
methods) is currently the only treatment for correcting a progressive curve and has 
the advantage that it can minimise pain, restore stability and reduce the patient’s 
curvature. 
A bone graft is usually taken from the iliac crest (pelvis) of the patient but can also 
be taken from cadaver bone (allograft).  A bone graft provides a calcium scaffold for 
the spinal fusion, encouraging new bone to grow and fuse the vertebrae together.  
Despite the success of this treatment, fusion leaves the patient with a rigid spine 
and consequently eliminates segmental spinal motion (Aronsson and Stokes, 2011).  
Figure 2-22 shows two radiographs of an AIS patient before and after surgery.  The 
patient has a right thoracic curve with a pre-operative Cobb angle of 45°.  It is clear 
from the post-operative radiograph that the curvature has been greatly reduced and 
the spinal alignment has improved, at the expense of lost spinal mobility. 
Spinal surgery involving fusionless treatment methods is an area of intense current 
interest, as it addresses progressive scoliosis in the growing child.  Fusionless 
treatment procedures preserve vertebral and disc motion without performing spinal 
fusion.  They are applied directly to the spine and aim to redirect growth of the spine 
whilst protecting adjacent vertebrae from degenerative changes and spinal 
imbalances.  However, the surgical procedure is invasive and risks involving 
infection, instrument failures and neurological injuries can result.   
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Figure 2-22: Pre-operative (left) and Post-operative radiograph after instrumented 
spinal fusion surgery (right) of an AIS patient.  Source: Image obtained from the 
PSRG. 
Fusionless treatments consist of: anterior or endoscopic vertebral stapling, 
anterolateral tethering, mechanical modulation of spine growth, and internal bracing 
(Guille et al., 2007, Betz et al., 2010).  Growing rod techniques play a limited role in 
AIS but are widely used to delay fusion surgery in infantile and juvenile scoliosis 
(Akbarnia et al., 2008).  The single or dual growing rod preserves the spine to allow 
for growth and development, whilst correcting the spinal deformity (without fusion).  
Further procedures are required for this type of treatment to lengthen the rods until 
maximal growth has been reached.  In the short-term, anterior vertebral body 
stapling has been found to be effective in stabilising curve progression in patients 
with mild-moderate idiopathic scoliosis (Aronsson and Stokes, 2011, Guille et al., 
2007, Betz et al., 2005, Betz et al., 2010) however in cases where the instruments 
fail or the deformity continues to progress, re-operation is required to restore 
curvature correction.   
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Pre-operative X-ray Post-operative X-ray with vertebral 
staples (fusionless surgery) 
Post-operative X-ray with vertebral 
staples and posterior rods 
Figure 2-23 shows three radiographs of a patient with a 50° curve who initially 
received anterior vertebral staples to correct her deformity but later received 
posterior rods to correct the curve. 
 
Figure 2-23: Example of an AIS patient with a Cobb of 50° (left) who initially received 
(fusionless) vertebral stapling to control the deformity (middle) but as curve 
progressed required fusion surgery, involving posterior rods (right).  Source: Image 
obtained from the PSRG. 
 
2.3.8 Progression Risk in AIS  
The most important problem related to scoliosis is the progression of the deformity 
and the resulting effects.  Extensive research has been carried out to identify the 
cause of progression and ensure correct planning and monitoring can be put in 
place for those at high risk.   
The risk of progression is not constant in idiopathic scoliosis and can be influenced 
by factors such as gender, growth, curve type and magnitude (Goldberg et al., 
1993, Tan et al., 2009, Little et al., 2000, Lonstein and Carlson, 1984, Soucacos et 
al., 1998).  Yet, despite these identified prognostic factors, accurate prediction of 
whether a curve will progress or not, still remains a challenge.   
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As mentioned in the Introduction, the risk of progression is greater in girls who are 
pre-menarchal with a curve >30° (Soucacos et al., 1998, Tan et al., 2009).  This is 
because the curve progresses rapidly during the adolescent growth spurt so it is 
vital to treat the deformity as early as possible to avoid further progression. 
Reports of curve progression rates vary greatly in the literature but perhaps the 
most widely cited data comes from Lonstein and Carlson who reviewed the curve 
progression of 727 idiopathic scoliosis patients (Lonstein and Carlson, 1984).  Their 
results show a 22% progression rate for skeletally immature children with a Risser 
grade of 0-1 and a curve magnitude (Cobb angle) of 5-19°, compared to a 68% 
progression rate for those with a larger Cobb angle of 20-29°.  For the more 
skeletally mature children with a Risser grade of 2-4 and a curve magnitude of 5-19° 
the progression rate was only 1.6%, whilst those with a larger curve of 20-29o had a 
23% progression rate (Lonstein and Carlson, 1984). 
Table 2-6: Percentage of curves that progress with curve magnitude and Risser sign 
(Lonstein and Carlson, 1984). 
 
Risser Sign 
Percentage of Curves that Progressed 
5-19o Cobb angle curves (%) 20-29o Cobb angle curves (%) 
0-1 22 68 
2, 3 or 4 1.6 23 
 
A follow-up study on a cohort of 186 AIS patients found that the initial curve 
magnitude was the most important predictor of long term curve progression and 
behaviour past skeletal maturity (Tan et al., 2009).  Moreover, patients with curves 
>25° had a 68.4% probability of curve progression and curves <25° had a 91.9% 
probability of not progressing, indicating that a Cobb angle of 25° should be 
considered as a threshold magnitude for curve progression (Tan et al., 2009). 
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2.4 3D Imaging Modalities and Measures for Studying Structural 
Abnormalities in Idiopathic Scoliosis 
Clinically, plain radiographs are by far the most commonly used clinical imaging 
modality for scoliosis as they are readily available, quick and cheap compared to 
other imaging techniques.  Plain radiographs show good contrast between soft 
tissue and bone, and are often used to assess the curve magnitude and progression 
of scoliosis after the patient has been referred to a Hospital Spinal Clinic.  Despite 
the predominance of two-dimensional radiographs of AIS patients in clinical 
settings, it is well documented that scoliosis is a 3D deformity that involves curve 
progression or correction in more than one plane (Adam et al., 2010, Sangole et al., 
2009, Braun et al., 2004).  Although 3D imaging modalities such as CT and MRI are 
not used in clinical practice, they are particularly useful to researchers as they allow 
the 3D nature of the scoliotic deformity to be explored.  Note that CT applies to a 
wide range of imaging modalities; X-ray CT however only applies to what is 
considered as a clinical CT.  The use of the term CT throughout this thesis is 
referring to clinical X-ray CT. 
2.4.1 Spinal Computed Tomography 
At present, CT is not used routinely in our Centre for clinical scoliosis assessment; 
however it has been used in a number of research studies to investigate aspects of 
the deformity such as vertebral rotation (Abul-Kasim et al., 2010), pedicle 
morphology (Gstoettner et al., 2011) and sagittal profile changes after thoracoscopic 
surgery (Izatt et al., 2012).  CT is often used to assess vertebral rotation due to the 
difficulties in measuring axial rotations on standing clinical radiographs.   
Image processing software allows reformatted coronal plane images to be created, 
whereby the transverse CT slices are re-sliced and combined into a single image Z-
projection (discussed further in Chapter 3).   
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This is advantageous as the Cobb angle can be measured on the reformatted 
coronal image and correlated with the transverse rotation in idiopathic scoliosis.  
Adam et al., assessed the Cobb variability associated with using reformatted 
thoracolumbar CT images and found that the 95% limits of agreement for intra-
observer and inter-observer variability (for five observers) was ± 6.6° and ± 7.7°, 
respectively (Adam et al., 2005). The same author also explored the 
convex/concave asymmetry in bone density for vertebral levels near or at the apex 
of the scoliotic curve.  The mean bone density at the concave cortical shell of the 
apical vertebra was reported to be 23.5% higher than for the convex side with lateral 
bone density gradients displaying shifts of almost 4% toward the concavity of the 
deformity (Adam and Askin, 2009).   
The CT scans also have the ability to capture the whole body (skin envelope) which 
can allow segmentation and reconstruction of torso segments (which will be used in 
Chapter 3).   
Ionizing Radiation 
There is increased awareness surrounding patient exposure to ionizing radiation.  In 
Australia, background exposure is approximately 2.0 - 2.4 millisieverts (mSv) of 
ionizing radiation each year (Schick, 2004, Pace et al., 2013)  The use of standard 
CT for trauma is reported as 13.09 mSv, with typical radiation doses up to 7.76 mSv 
for spine CT in children (Abul-Kasim et al., 2008).  By comparison, scoliosis patients 
receive 1.0 mSv of ionizing radiation each time a coronal and lateral radiograph is 
taken (usually every 3-6 months).  Levy et al 1996 reported that a typical AIS patient 
receives an average of 12 spinal radiographs, although this number can increase to 
>30 for patients with progressive curves and those referred at an early age (Levy et 
al., 1996). 
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2.4.2 Magnetic Resonance Imaging 
MRI is an advanced diagnostic imaging procedure that unlike radiographic 
techniques such as conventional X-rays and CT scans does not expose the patient 
to ionizing radiation.  Instead, the technique involves placing the patient in a strong 
magnetic field with Radiofrequency (RF) waves transmitted to the patient via coils.  
The RF waves polarise and excite hydrogen nuclei found in water molecules in the 
body tissue.  When the RF source is switched off, the hydrogen nuclei relax back to 
their pre-pulse state and emit a signal that is received by the ‘receiver’ coils around 
the body part in question.  This coupled with image reconstruction algorithms 
generate clear 2D or 3D images of the body.  A 3D reconstruction can be produced 
by compiling multiple 2D cross sections (“slices”) of the tissue. 
MRI is often used to detect structural abnormalities of the musculoskeletal system 
but is most frequently used to study the brain and spinal cord.  MRI provides good 
spatial resolution (the ability to distinguish two separate structures an arbitrarily 
small distance from each other) and better contrast resolution (the ability to 
distinguish between two arbitrarily similar but not identical tissues) for soft tissues 
than CT scans, and can generate cross-sectional images in any plane.   
Variable image contrast can be achieved by using different pulse sequences and by 
changing the imaging parameters.  Depending on the type of sequence used, the 
tissues displayed on the image will either appear bright or dark (tissues with a high 
density of protons will be dark).  There are two types of tissue relaxation properties: 
T1-weighted sequences are typically used to investigate normal anatomical details.  
They have a short relaxation time (TR) and short echo time (TE) and look at the 
longitudinal movement of protons.  T2-weighted sequences look at the transverse 
movement of protons and are more commonly used to investigate tissue oedema 
(with a long TR/long TE to mimimise T1 relaxation effects) (Schild, 1990).  
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Water for example would be dark in a T1-weighted image and bright in a T2-
weighted image.  Conversely, fat would be bright in a T1-weighted image and gray 
in a T2-weighted image.   
Proton Density-weighted sequences differentiate anatomical structures based on 
their proton density, with the parameters set as long TR/short TE to minimise T1 
and T2 relaxation effects.  There are many other weighting techniques (such as 
diffusion-weighting and perfusion-weighting etc) but this is out of the scope of the 
thesis.  Whilst the focus of this thesis is not on the technicalities of MRI, there are 
several parameters for scanning which are specifically discussed Chapter 6.   
The magnetic field strength used in MRI machines has evolved considerably in the 
last decade, allowing for the MRI system to operate at 3.0 Tesla (3T) and higher 
(Kuhl et al., 2008).  Note that Tesla is the unit for measuring the strength of a 
magnetic field.  3T MRI scanners can produce high quality images with significantly 
reduced scan times in comparison to 1.5 T scanners.  The Signal to Noise Ratio 
(SNR), Specific Absorption Rate (SAR), the amount of radio frequency energy we 
can impart, and the spatial and temporal resolution are also improved by increasing 
the static field from 1.5 T to 3T (Young and Bydder, 2003).  The high quality images 
produced by the 3T MRI allows the structures of cartilage, joints and bone to be 
identified more clearly than with lower field strengths (Kuhl et al., 2008).  Therefore, 
in patients with scoliosis, the use of a 3T scanner will allow the growth and deformity 
of the scoliotic spine to be imaged with greater accuracy. 
The most common neurological abnormalities to be found on an MRI scan with 
reference to scoliosis are Chiari I malformation and syringohydromyelia but the 
extent to which these findings are relevant to the scoliotic deformity is not yet known 
(Cassar-Pullicino and Eisenstein, 2002).   
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Several studies have used MRI to investigate scoliosis.  Guo et al., investigated and 
compared abnormal differential growth of the anterior and posterior elements of 
thoracic vertebrae in patients with idiopathic scoliosis (Guo et al., 2003).  The 
results revealed that the anterior and posterior vertebral body heights were 
consistently longer in the AIS group compared to the normal controls.  
Similarly, in the posterior column, the pedicle height for the AIS group had 
significantly decreased whilst interpedicular distance had increased.  The study 
concluded that the vertebral bodies in patients with AIS have disproportionate and 
faster longitudinal growth and slower circumferential growth in both the vertebral 
bodies and pedicles (Guo et al., 2003). 
Birchall et al., investigated the degree of twist (torsion) occurring within the 
vertebrae of ten AIS patients using a 3D MRI protocol on a 1T MRI machine.  The 
results from the study found that when moving superiorly to inferiorly along the 
spine, there was increasing endplate rotation towards the apex of each curve, with a 
subsequent regression at levels below the apex (Birchall et al., 2005).  Mechanical 
torsion was demonstrated in both mild and severe curves with the greatest 
mechanical torsion occurring within the vertebral bodies of the least severe curves. 
It was suggested that more severe curves (as suggested by higher degrees of 
coronal plane deformity) were associated with greater amounts of mechanical 
torsion occurring within the discs as opposed to the vertebrae; suggesting that 
torsion could be a fundamental part of the early pathomechanical process of 
scoliosis (Arkin, 1949, Birchall et al., 2005).   
2.4.3 EOS Imaging 
The most recent development in 2D/3D imaging is EOS (EOS Imaging - Paris, 
France), a biplanar X-ray medical system, which involves the use of highly sensitive 
gaseous photon detectors to obtain a full 3D reconstruction of the spine.   
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Patients are positioned in a functional standing position, eliminating the geometrical 
changes that occur in the supine position (Figure 2-24).  It offers an attractive 
alternative to routine X-rays, as the radiation dosage is around 1/10 that of a 
standard radiograph, with comparable or better image quality (Dubousset et al., 
2005).  This is of particularly interest in young patients with scoliosis, who may 
require the use of more frequent imaging to monitor their deformity.   
 
Figure 2-24: Typical patient positioning in the EOS imaging scanner (left) and an 
example of the full body coronal and sagittal images that can be used to create a 3D 
reconstruction of the scoliotic spine (EOS, 2015).   
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2.5 Summary  
In summary, the key points from the Literature Review are: 
 Scoliosis is an abnormal curvature of the spine, which mainly occurs in 
adolescents and is without known cause (although there are various theories on 
aetiology). 
 It is a complex 3D deformity, although current clinical imaging is based on 2D 
radiographs where the Cobb angle of the major curve is used to express the 
severity of the deformity. 
 There are a variety of different curve types which occur in scoliosis (and various 
classification systems reflect these). 
 Treatment currently consists of watch and wait, bracing, and surgery.  Fusion 
surgery is the gold standard but there are attempts to develop fusionless 
procedures, which maintain spinal joint mobility. 
 Progression of scoliosis is closely associated with spinal growth, and current 
understanding of why some small scoliosis curves progress to become big 
curves is limited.  Risk of scoliosis progression increases in females, with 
skeletally immature spines and curves with Cobb angles of >25°. 
 Progression appears to be biomechanically mediated/driven i.e. asymmetrical 
joint forces/moments will drive asymmetrical spinal growth. 
 Although not routinely used, alternative imaging modalities such as CT, MRI and 
EOS enable 3D reconstructions of the spine to be developed, providing 
additional insight into the complexity of the deformity. 
 The geometry of the spine alters between the supine to standing position due to 
changes in gravitational loading direction, indicating that gravity plays an 
important role in curve progression. 
 To conclude, the mechanisms for deformity progression remain unclear.  Hence, 
this thesis seeks to provide a greater understanding of the role of gravity and the 
patterns of deformity progression during growth. 
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Chapter 3 : Determining Body Segment Masses in the 
Scoliotic Spine  
This chapter determines the vertebral level-by-level torso segment masses (TSM) 
occurring in the adolescent scoliotic spine.  The study described in this chapter, and 
the subsequent two chapters that follow use a series of existing pre-operative CT 
scans of AIS patients only (Chapters 6 to 8 focus on MRI).  In this chapter, the 
reader will be introduced to the image processing techniques used to create 
reformatted images from the patients’ clinical CT scan.  Section 3.1 describes the 
motivation behind this study along with the specific aims of this chapter.  Section 3.2 
guides the reader through the methodology used to perform this study, including 
details on patient cohort, ethical considerations and CT parameters.  The study 
results are then given in Section 3.3 with a detailed discussion in Section 3.4.  A 
summary Section 3.5 will conclude the chapter. 
3.1 Motivation 
As described in the Introduction section of this thesis, a number of scoliosis studies 
have indicated that gravitational loading plays an important role in scoliosis 
progression (Stokes et al., 2008, Stokes et al., 2006, Adam et al., 2008, Villemure et 
al., 2002) 3D computational models are being developed to further understand 
scoliosis progression and predict outcomes of surgical treatment (Perie et al., 2004, 
Aubin et al., 2003, Little et al., 2013).  However, when simulating the response of 
the scoliotic spine to gravitational (body weight) forces, such models require 
anthropometric data for the weight of the trunk, head and neck, and upper limbs.  To 
date, accurate vertebral level-by-level body segment masses of the scoliotic trunk of 
any age are currently not available in existing literature, causing researchers to rely 
on anthropometric data for non-scoliotic subjects such as that reported by Winter 
(Winter, 2009) and Erdmann (Erdmann, 1997) to estimate geometric and inertial 
data (Adam et al., 2008, Duke et al., 2005, Little and Adam, 2012).   
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Therefore, the primary purpose of this study was to estimate vertebral level-by-level 
torso segment masses in the thoracolumbar spine for a group of AIS patients, thus 
providing AIS-specific anthropometric reference data to aid in the development of 
biomechanical models of scoliosis progression and treatment.   
3.2 Methodology 
3.2.1 Patient Cohort and Ethical Considerations 
Existing low-dose CT scans taken between November 2002 and January 2008 for a 
group of female AIS patients were used retrospectively to estimate vertebral level-
by-level body segment masses in the thoracic scoliotic spine.  All patients had right-
sided thoracic Lenke type 1 curves ranging between 42 - 63  Cobb angle.  A single 
low-dose CT scan was part of the pre-operative clinical assessment process at the 
time, for patients undergoing thoracoscopic anterior spinal fusion to assist with safer 
screw sizing and positioning (Kamimura et al., 2002).   
When this study was undertaken, it was determined that specific ethical clearance 
was not required as the CT data was from a pre-existing clinical dataset. 
Subsequently, the Mater Health Human Research Ethics Committee and the 
Queensland University of Technology Research Ethics Committee deemed it 
appropriate for them to review the use of this dataset for research and provided 
retrospective approval (Mater Health Human Research Ethics Committee 
(14/MHS/206) and The Queensland University of Technology Research Ethics 
Committee (1400000997)).  The Ethics documentation for ‘The analysis of low dose 
CT to further the understanding of AIS’ can be found in Appendix A.  
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3.2.2 CT Evaluation 
Three different CT scanners were used over the six year period of the study; (i) a 64 
slice GE Lightspeed Plus (GE Healthcare, Chalfont St. Giles, UK) (ii) a 64-slice 
Philips Brilliance (Philips Healthcare, Andover, USA) and (iii) a 64 slice GE 
Lightspeed VCT (GE Healthcare, Chalfont St. Giles, UK).  The scan coverage in 
each case was from C7 to S1.  Dose reports were commissioned for all three 
scanners, and the highest estimated radiation dose of 3.0 mSv occurred with the 
oldest scanner (GE Lightspeed Plus), with uncertainties due to the dose model in 
the order of ± 20% (Schick, 2004).  By comparison, the combined dose for a 
Postero-Anterior (PA) and lateral standing radiograph is in the order of 1.0 mSv, and 
the annual background radiation in Queensland, Australia is approximately 2.0 - 2.4 
mSv (Pace et al., 2013, Schick, 2004).  Estimated doses for the newer 64 slice 
scanners were substantially lower (in the order of 2 mSv).  Subjects were in a supine 
position with the upper limbs positioned over the head during CT scanning. 
The CT scan in-plane resolution and slice thickness/spacing varied slightly over the 
course of the study.  All scans were 16 bit images with 512 x 512 pixels.  Pixel 
spacing in the (axial) plane varied between 1.7 - 1.8 pixels/mm with a slice thickness 
between 2.0 - 3.0 mm and slice spacing between 1.0 - 1.25 mm.  The re-sliced 
coronal images derive their resolution from the original CT dataset, therefore the 
pixel spacing in the plane (on the re-sliced stack) varied from 1.7 - 1.8 pixels/mm in 
both the lateral (left-right) and Anterior-Posterior directions, and 0.8 - 1.0 pixels/mm 
in the longitudinal (inferior-superior) direction. 
The ImageJ software ((v.1.45) National Institutes of Health, USA) was used to 
create re-sliced coronal plane images from the axial slices, reconstruct vertebral 
level-by-level torso segments and subsequently estimate the mass, thickness and 
centroid location of each segment.   
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A single observer (the author) completed all analyses therefore only intra-observer 
variability was assessed, by a blinded re-measurement of the central slice location 
and torso segment thickness. 
3.2.3 Preliminary Study 
Prior to deciding on the use of a central slice for each vertebral level (the area of 
which was then multiplied by segment height to give volume); the potential error 
which this approach may introduce was investigated.  This was performed in a 
subset of ten segmental levels measured from five patients (including two upper 
thoracic levels T1/T2, five mid-thoracic T9/10 levels at which there were likely to be 
a high potential error because these commonly correspond to the bottom of the 
lungs, and three lower thoracic/upper lumbar levels).   
The author separately measured and summed the areas of all CT slices for a 
particular torso segment, and then multiplied them by the slice thickness to obtain a 
‘true’ volume for the segment.  Comparing these volumes to the values obtained 
using the measured area of the central slice of the segment, a mean unsigned error 
of 1.35% was found between the segment volume using the assumed central slice 
approach and the ‘true’ volume measured as just described, and a maximum error 
of 4.98%.  Keeping in mind that these levels were deliberately chosen as potential 
problem areas where torso cross section may change rapidly, it was concluded that 
the approach used introduces very small errors usually in the order of 1%, and no 
greater than 5%.   
3.2.4 Estimating Torso Segment Masses 
Torso segments corresponding to each of the vertebral levels from T1 to L5 were 
identified as follows.  Each vertebral level torso segment comprised a number of 
axial CT slices, where the number for each torso segment depended on the slice 
thickness and the height of the vertebra (e.g. T1 = 8 slices, L2 = 12 slices).   
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A single axial slice through the centre of each vertebra was selected to determine 
the axial plane location of the torso segment centroid for that vertebral level.  The 
axial stack was re-sliced to generate a series of slices in the coronal plane.  The ‘Z-
project’ function in ImageJ (standard deviation projection type) was then used to 
create a pseudo-radiograph, as shown in Figure 3-1.  Using this function allowed 
the whole thoracolumbar spine to be viewed on a single image, whereas if a 
particular coronal slice had been chosen only part of the spine would have been 
visible.   
 
Figure 3-1: Torso segment thickness calculated using vertebral heights (h) on coronal 
re-sliced image, where the vertebral height (distance between the orange dashed 
lines) was taken from the midpoint of the superior vertebral endplate of each vertebra 
to the midpoint of the superior vertebral endplate of the level below including the IV 
disc (right).  The distance between these two points was measured using the ImageJ 
‘Segmented Line’ measuring tool. 
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The Z-project function can be applied on selected slices within the stack so only the 
region of stack thickness of interest is displayed.  In the case of this study, start and 
stop slices were selected within the stack for the z-projection corresponding to the 
anterior and posterior edges of the vertebral body in order to project a clear single 
image of the thoracolumbar spine (without the ribs).   
The centre of each vertebra in the coronal plane was then found by drawing 
diagonal lines from the top left and right-hand corners of the superior vertebral 
endplate to the inferior vertebral endplate, using the ‘Segmented Line’ tool.  The 
‘Point’ tool was then used to mark the co-ordinates of the centre of the vertebral 
body where the lines intersect.   
ImageJ’s default thresholding method based on the IsoData algorithm described by 
Ridler and Calvard (Ridler and Calvard, 1978) was then used on the axial slice 
through the centre of each vertebral body to distinguish the external and lung 
airspaces from the trunk tissues (Figure 3-2).  This procedure divides the image into 
object and background by taking an initial threshold, then the averages of the pixels 
at or below the threshold and of the pixels above the threshold are computed.  The 
averages of those two values are then in turn computed, the threshold is 
incremented and the process is repeated until the threshold is larger than the 
composite average.   
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Figure 3-2: A typical CT axial slice through the T7 vertebra showing x and y co-
ordinate axes relative to the centroid of T1 (b) A thresholded axial slice through the 
torso at the same level, where A3 is the area of the slice enclosed by the skin 
boundary (c) Thresholded axial slice at the same level - where A4 is the area of the 
torso, minus that of the lungs A1 (right lung) and A2 (left lung), (Xc,Yc) denotes the 
centroid of the cross-section. 
 
The thresholding process used was therefore based on a consistently applied 
algorithm and so did not introduce observer variability.  Note that the white material 
shown within the lungs was not included in the area or volume measurements due 
to the low density of lung tissue.  The centroid co-ordinates of this thresholded ‘slice’ 
(Xc, Yc) in the axial plane were then found assuming a constant density for the 
tissues and using the First Moment of Area equation, 
 
𝑋𝑐 =
 (𝐴3𝑋3)−(𝐴1𝑋1)−(𝐴2𝑋2)
𝐴4
,         (Equation 3-1a) 
 
𝑌𝑐 =
 (𝐴3𝑌3)−(𝐴1𝑌1)−(𝐴2𝑌2)
𝐴4
,         (Equation 3-1b) 
Note: 𝐴4 = 𝐴3 − 𝐴1 − 𝐴2, 
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where, A3 is the total area of the axial slice enclosed by the skin boundary, A1 is the 
area of the right lung and A2 is area of the left lung (Figure 3-2).  The centroid co-
ordinates of the part of the slice enclosed by the skin boundary are defined as (X3, 
Y3) with the centroid location of the right and left lungs denoted as (X1, Y1) and 
(X2, Y2) respectively.   
The next step was to create re-sliced coronal plane images from the axial slices to 
calculate the thickness of each torso segment.  This was done by taking the 
vertebral height from the superior vertebral endplate of each vertebra to the superior 
endplate of the vertebral level below including the intervertebral disc.  For example, 
the thickness of the T7 torso segment was the height of the T7 vertebral body plus 
the T7/T8 intervertebral disc as measured on the coronal reconstruction.  The 
distance between these two points was measured using the ‘Segmented Line’ 
measuring tool as shown in Figure 3-1.  Note that the height was not measured in 
the plane of deformity as this would have caused adjacent slices to overlap.   
The volume, V, was then calculated by multiplying the area of the central slice (A4) 
in the axial plane by the thickness (h) of the vertebral body segment corresponding 
to the vertebra in question, 
𝑉 = 𝐴4 ×  ℎ.            (Equation 3-2) 
A single density, ρ,  of 1040 kg/m3 was used to estimate the torso segment masses, 
𝑀, corresponding to each vertebral level,   
𝑀 = 𝜌 × 𝑉.             (Equation 3-3) 
 
This density value was based on Pearsall et al., who reported a range of 1000 – 
1040 kg/m3 for the lumbar region of the trunk through an in vivo CT study by 
assuming a quartic relationship between CT greyscale values and tissue density.   
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The lumbar region was deliberately chosen to provide a representative value for 
trunk tissue excluding lungs.  This was necessary as the thresholding IsoData 
algorithm mentioned previously, defines lung and trachea airspace as part of the 
background (i.e. not included in the tissue area).   
Weight vectors can be used to represent the torso segment masses.  These were 
plotted at the centroid co-ordinate positions on the patients’ Antero-Posterior (AP) 
view image (reconstructed from the CT stack using Z-project in ImageJ).  The 
segment mass was also expressed as a percentage of body mass, %BM,  
%𝐵𝑀 = (𝑀 ÷  𝑊) ×  100,           (Equation 3-4) 
where, 𝑀, is the mass of the torso segment and, 𝑊, is the patient mass. 
Finally, each of the torso segment masses for the T1-L5 levels were added together 
to obtain an overall trunk mass and its percentage of the whole body mass.  This 
was then compared to reported values in the existing literature.   
As stated previously (at the start of Section 3.2.4), the observer was required to 
choose a single axial slice through the centre of each vertebra to determine the 
torso segment centroid of a specific vertebral level.  In addition, the observer was 
also required to manually select vertebral heights (on the re-sliced coronal image) to 
allow the torso segment thickness to be found.  In order to assess the intra-observer 
variability for these measures, the observer performed repeated blinded re-
measurements on a subset of 10 patients (50% of the group) six months later.  Note 
that the default thresholding method applied in this study is based on a consistently 
applied algorithm so did not introduce observer variability.  A detailed step by step 
process for this method is given in Appendix B. 
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3.3 Results 
The patient demographics for each of the 20 AIS patients can be seen in Table 3-1.  
The mean age of the group was 15.3 (SD 2.3) years (range 11.9 – 22.3).  All curves 
were right-sided major thoracic Lenke Type 1 with 11 patients further classified as 
lumbar spine modifier A, 4 as lumbar modifier B and 5 as lumbar modifier C.  The 
mean thoracic Cobb angle was 52 (SD 5.9°) (range 42 - 63°).  
Table 3-1: Patient demographics for the group of 20 AIS females including Risser 
score, Major Cobb angle, Lenke classification measured from standing radiographs. 
 
 
Patient 
ID 
Age 
(Years) 
Patient Mass 
(kg) 
Height 
(cm) 
Risser 
(0-5) 
Major Cobb Angle 
(°) 
Lenke 
class 
1 12.3 41.0 157 0 54 1A 
2 15.2 58.9 173 5 45 1C 
3 16.2 63.0 165 5 42 1C 
4 22.3 70.8 175 5 48 1C 
5 14.5 59.6 167 5 45 1A 
6 14.0 49.0 164 0 62 1A 
7 13.0 47.0 160 0 63 1A 
8 14.7 45.5 156 5 47 1A 
9 14.8 64.0 165 5 48 1B 
10 16.6 46.3 163 5 49 1A 
11 15.4 59.6 161 5 44 1A 
12 13.8 55.4 171 4 54 1C 
13 14.8 84.7 161 4 57 1B 
14 13.7 83.0 163 4 58 1C 
15 19.2 52.5 168 5 58 1A 
16 14.7 58.0 160 4 55 1B 
17 16.7 54.0 167 3 50 1A 
18 16.5 54.6 164 4 50 1A 
19 11.9 54.7 146 0 52 1B 
20 15.1 48.7 170 0 50 1A 
Mean 15.3 57.5 164 3 52 - 
The masses of each vertebral level-by-level torso segment for the study group are 
shown in Figure 3-3, where the circles represent outliers (those data points between 
1.5 - 3.0 times the interquartile range outside the first and third quartiles respectively) 
and the asterisks represent extreme outliers (more than 3.0 times the interquartile 
range outside the first/third quartiles respectively).  The numbers located above the 
outliers correspond to a specific patient e.g. at the T1 level there is one outlier for 
patient 1 below the lower quartile and two outliers for patients 4 and 13 above the 
upper quartile.   
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These patients had torso segment masses much lower or higher than the other 
patients in the group and were at the lighter or heavier end of the scale.  For 
example; the mean patient weight was 58.2 (SD 11.6) kg.  Patient 1 weighed 41.0 kg 
which is 17.2 kg (30%) less than the mean value of the group.  Conversely, Patient 
4 and Patient 13 weighed 70.8 kg and 84.7 kg respectively which is 12.6 kg and 26.5 
kg (22 and 46%) more than the mean value for the patient group.  Overall, the 
magnitude of the torso masses from T1 - L5 increased inferiorly, with a 150% 
increase in mean segmental torso mass from 0.6 kg at T1 to 1.5 kg at L5.   
 
Figure 3-3: Boxplot showing the variability in torso segment masses at each vertebral 
level for the group of 20 AIS patients.  The circles represent outliers (those data 
points between 1.5-3.0 times the interquartile range outside the first and third 
quartiles respectively) and the asterisks represent extreme outliers (more than 3.0 
times the interquartile range outside the first/third respectively).  The numbers 
located above the outliers correspond to a specific patient in the series. 
 
Figure 3-4 reports and compares the segment mass (expressed as a percentage of 
body mass) with previous non-AIS studies by Pearsall et al., (N = 2 females, mean 
age 61 years) and Duval-Beaupère and Robain (N = 4 mean age 32 years (Pearsall 
et al., 1996, Duval-Beaupère and Robain, 1987).   
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Note that there were fourteen patients involved in the Duval- Beaupère and Robain 
study, ten were male and four were female (therefore only the four females were 
chosen for this analysis).  In the study by Pearsall et al the mean results were 
reported for both female and male subjects and therefore the author was not able to 
dissect the values for females only. 
The graph in Figure 3-4 shows that on average, the mass (as a percentage of body 
mass) increases inferiorly from 1.1% at T1 to 2.6% at L5 for both the current study 
and the study by Pearsall et al..  Data for the T2 and T3 vertebral levels of Duval-
Beaupère has been deliberately omitted from the graph to facilitate comparison with 
the current study.  The mean proportion of total body weight accounted for by the 
trunk was 27.8 (SD 0.5) % which was close to the value of 30.9 (SD 0.6) % reported 
by Pearsall et al.  Overall trunk mass is not reported for the Duval-Beaupère data 
due to the addition of the arm mass at vertebral levels T2 and T3 in that study.   
 
Figure 3-4: Mean segment masses (expressed as a percentage of body mass) for non-
AIS studies by Pearsall et al., and Duval-Beaupère and Robain to current AIS study 
results (Pearsall et al., 1996, Duval-Beaupère and Robain, 1987).  Where N equals 
patient cohort and the error bars represent the standard deviation for the current 
study.  Note that segment mass data for Pearsall et al., was only available for the 
entire cohort (males plus females combined). 
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The mean position of the torso segment centroids in the axial plane can be seen in 
Table 3-2 along with the measured volume, area and thickness for each torso 
segment.   
Table 3-2: Measured torso segment thickness, area, volume and centroid location of 
vertebral level-by-level torso segments.  The x- and y-centroid co-ordinates were 
referenced to that of T1, where x is +ve to the left and y is +ve posterior.  Std.Dev 
shown in brackets. 
Level 
Segment 
Thickness 
(SD) 
mm 
Area 
(SD) 
mm
2 
×10
3
 
Volume 
(SD) 
mm
3  
×10
3
 
x-centroid 
(SD) 
mm 
y-centroid 
(SD) 
mm 
T1 18.5 (2.2) 33.0 (8.7) 614.0 (189.0) 0.0 (0.0) 0.0 (0.0) 
T2 19.4 (1.9) 34.0 (7.2) 662.0 (139.4) 1.7 (8.0) -2.5 (2.0) 
T3 19.3 (1.3) 33.0 (7.4) 646.2 (157.0) 1.8 (9.3) -8.6 (11.0) 
T4 18.7 (1.4) 33.0 (7.4) 608.4 (150.2) 2.1 (9.4) -12.6 (11.1) 
T5 19.2 (1.5) 33.0 (7.2) 628.0 (150.3) 2.9 (8.9) -17.5 (11.6) 
T6 19.7 (1.7) 33.0 (7.2) 658.2 (139.4) 4.0 (8.8) -22.3 (11.7) 
T7 21.0 (1.7) 34.0 (7.1) 707.0 (150.2) 5.1 (8.8) -25.5 (13.1) 
T8 22.3 (1.6) 34.0 (8.2) 747.4 (171.3) 5.4 (9.2) -27.8 (14.5) 
T9 23.0 (1.5) 34.0 (11.0) 774.1 (236.0) 5.1 (9.9) -28.5 (15.0) 
T10 23.9 (1.7) 36.0 (12.1) 864.4 (284.5) -0.1 (8.9) -28.7 (15.1) 
T11 25.0 (2.0) 40.0 (10.0) 1002.2 (254.4) -0.2 (7.0) -28.2 (14.4) 
T12 27.6 (2.4) 41.0 (8.0) 1142.4 (245.0) 0.1 (6.4) -28.9 (15.5) 
L1 30.0 (2.7) 40.0 (8.1) 1213.1 (251.0) 1.9 (6.7) -32.6 (18.9) 
L2 31.5 (2.3) 39.0 (8.5) 1225.0 (269.0) 4.5 (7.1) -30.1 (15.6) 
L3 32.6 (3.0) 38.0 (9.1) 1232.0 (277.0) 6.6 (7.9) -27.1 (15.4) 
L4 32.7 (2.6) 39.0 (9.7) 1293.0 (322.0) 6.9 (9.1) -24.1 (15.2) 
L5 32.8 (3.4) 43.0 (9.6) 1400.0 (366.0) 5.6 (9.6) -20.9 (15.3) 
 
Figure 3-5 shows the torso mass vectors (plotted at the centroid locations) of four 
representative patients in this study assuming the patient was in the upright 
position.  The position of the torso mass vectors varies for each patient depending 
on the severity of their scoliotic deformity.   
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Figure 3-5 Torso segment masses plotted as red vectors with tails located at the 
centroid locations.  From left to right, graphs of Patients 2, 3, 6 and 12. 
3.3.1 Intra-observer Variability 
As stated in the methods Section 3.2, all analyses were performed by a single 
observer so only intra-observer variability is reported in this study.  The mean 
unsigned intra-observer difference in slice position (i.e. when the observer chose a 
single slice through the centre of the vertebral body in the coronal plane) was 0.86 
(SD 0.79) slice, which represents a slice selection variability of less than one slice.  
The mean signed intra-observer difference for torso segment thickness (when the 
observer measured vertebral heights in the coronal plane) was -0.37 (SD 1.45) mm.  
Mean absolute (unsigned) intra-observer difference was 1.10 (SD 1.01) mm and the 
95% limits of agreement (1.96 x SD) was 1.99 mm.  These intra-observer differences 
resulted in a (95% limits of agreement) torso segment weight of 1.00 N.  This value 
represents approximately 1/6th of the weight of an upper thoracic segment and 
1/15th of the weight of a lower lumbar segment respectively. 
3.4 Discussion  
Accurate and detailed segmental parameters of the scoliotic trunk are necessary for 
developing 3D biomechanical models to simulate the response of the spine to 
gravitational (body weight) forces.  Few studies have analysed the trunk by vertebral 
level and none have estimated torso segmental masses by vertebral level for 
individuals with scoliosis.   
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Hence, the aim of this study was to report detailed segmental trunk parameters for 
patients with adolescent idiopathic scoliosis which can be used in biomechanical 
analyses of scoliosis progression. 
As mentioned in the Methods section (refer to Section 3.2.3), the potential error 
involved in the use of a single central slice to determine segmental cross-sectional 
area was examined by measuring the area of every segmental slice for a subset of 
the patient group.  This preliminary investigation confirmed that errors due to cross-
sectional changes within a particular vertebral level were generally small; however it 
also demonstrated that in the mid-thoracic region at the bottom of the lungs, torso 
cross-section can change quite rapidly due to the disappearance of the lung 
airspace adjacent to this region of the spine.  Figure 3-6 demonstrates the torso 
cross-section change that occurs from the top slice of the segment to the bottom 
slice of the segment, as well as the resulting centroid shift.   
 
Figure 3-6: An example of the torso cross-sectional changes that occur at the bottom 
of the lungs, where the cross indicates the centroid location of the slice. 
In general, the torso masses and volume of each vertebral segment increased 
inferiorly, with more consistency between patients in the upper-mid thoracic region 
compared to the lower thoracic-lumbar segments.   
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As a percentage of total body mass, the values from this study were in keeping with 
that reported by Pearsall et al., for non-AIS patients, Table 3-2 (Pearsall et al., 
1996).  This table may indicate that in the scoliotic spine, the segment masses are 
slightly lighter compared to a healthy spine but the torso weight as a percentage of 
body mass is similar.  However, these differences must be treated with caution due 
to the demographic differences between the current study and those reported for a 
non-AIS study group by Pearsall et al.   
The study by Pearsall et al., used CT imaging from two male and two females 
(mean age 61 years and mean mass 70.8 (SD 6.7) kg, to determine mass, volume, 
density and percentage of body mass corresponding to each vertebral level 
(Pearsall et al., 1996).  The lighter segment masses in the current study may be 
attributed to a lower mean mass of 57.5 (SD 11.5) kg in our patient group.  Other 
studies involving detailed analyses of segmental properties at each vertebral level 
for the healthy trunk are limited.   
Duval-Beaupère and Robain  used a Gamma-ray scanner along with lateral X-rays 
to study 10 male and 4 females (mean ages  27.5 (SD 3.3) years and 32.2 (SD 
13.8) years, mean mass 70.5 (SD 5.1) kg and 53.0 (SD 2.9) kg respectively), to 
determine the mass at each vertebral level) (Duval-Beaupère and Robain, 1987).  
The four (non-AIS) female subjects in their study were closer to our cohort in age 
and body weight than the two female subjects in Pearsall et al., but the segmental 
masses reported by Duval-Beaupère and Robain (1987) are larger than those of the 
current study; and are also more variable from level to level, particularly at the L5 
level where the mass reported for the female group is double that of the male cohort 
(2.2 kg compared to 1.1 kg).  The reasons for the peaks in segmental mass at T5, 
T12 and L5 in the data of Duval-Beaupère (refer to Figure 3-4) are not clear.   
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The overall trunk mass percentage (as a proportion of total body mass) for the 
entire patient group ranged from 23.9 to 33.7%.  Other anthropometric data sources 
such as the cadaveric study by Winter and the CT analysis by Erdmann, reported 
larger overall trunk percentages of 35.5 and 37% respectively (Winter, 2009, 
Erdmann, 1997).  However, both these studies were carried out on a small sample 
of adult males with healthy spines (N = 8 and N = 15 males respectively).  In addition, 
the trunk segmentation in these studies defined the overall mass of a particular 
anatomical region (i.e. thorax, abdomen) as opposed to the finer structural division 
of torso cross-sectional volume corresponding to the height of each vertebral body 
as used in the current study.  
One potential limitation of the current study is that these measurements were based 
on CT scans performed in the supine position.  Performing the scans with the 
patient in the supine position alters the geometry of the spine relative to the 
standing posture.  Since the relationship of body segment measurements taken 
from supine CT scans to the torso configuration in the standing position is not 
currently known, the torso segment vector locations may be slightly altered in the 
standing position.  In terms of the effect of supine versus standing positions on the 
spinal curvature itself, it is known that curve magnitudes are smaller when supine 
due to changes in gravitational loading direction.   
Prior studies have reported a linear relationship between supine and standing 
thoracic Cobb angle measures with an average increase from supine to standing of 
7-10° in the coronal plane (Torell et al., 1985, Lee et al., 2013, Adam et al., 2010, 
Wessberg et al., 2006) and 5.3° in the sagittal plane (Izatt et al., 2012).  However, 
supine measurements are important in biomechanical modelling of scoliosis, since 
the supine position provides an approximate ‘zero load’ configuration for the spine 
which can be used as a starting point for biomechanical simulations.   
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These previous studies of supine versus standing curvature will be useful in planned 
future analyses to examine the difference in joint moments between supine and 
standing positions due to shifts in torso gravitational forces acting about the scoliotic 
spine.   
Whilst we note that the tissue densities in the trunk change depending on the tissue 
type in question (fat, bone muscle etc), an assumed single density value of 1040 
kg/m3 was used on the basis of Pearsall who reported density values of 1000 - 1040 
kg/m3.  The high end of this scale was chosen as Pearsall states that the leaner 
subjects in the study had the highest density values (Pearsall et al., 1996).  This is 
relevant to the current study as AIS patients are commonly known as having a lean 
stature.   
As previously mentioned in the Methods section (Section 3.2.4), the density in the 
lumbar region was deliberately chosen to provide a representative value for trunk 
tissue excluding lungs.  This approach was necessary because the automatic 
thresholding algorithm used in the present study defines lung and trachea airspace 
as part of the background (i.e. not included in the tissue area).  Using the assumed 
density of 1040 kg/m3 and our automatic segmentation method, it is possible to 
make comparisons with the apparent trunk region densities in the abovementioned 
study (i.e. including lungs) by calculating the external area of the entire torso 
segment (A3 in Figure 3-1(b)), multiplying by the segment height to give volume, 
and then dividing by the estimated mass.  In this manner, the apparent thorax (T1 - 
T12) density for a subset of ten patients in our study is 830 (SD 0.05) kg/m3 which is 
in close agreement with the upper trunk (T1 - T12) density of Pearsall, (820 kg/m3).   
Of course if future studies yield updated tissue density values, then the volumes 
measured in this study could be used to provide new estimates of body segment 
mass for the human trunk. 
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Due to the low density of lung tissue, the white (thresholded) material shown within 
the lungs was not included in the area or volume measurements in Table 3-2, or in 
the mass estimates in Figure 3-3.  In order to assess the potential error associated 
with this assumption, a subset of patients were analysed to investigate the likely 
percentage change in the estimated segmental mass values if the thresholded 
tissue within the lung space is included.   
This pilot study found that when multiplying the area of segmented tissue in the 
lungs by the segment thickness and by a lung density value of 250 kg/m3 given in 
Pearsall et al., the mean percentage mass added to a body segment by inclusion of 
the lung tissue was 0.29 (SD 0.2, range 0.01 – 1.84) % which is negligible (Pearsall 
et al., 1996). 
3.5 Conclusion 
Biomechanical modelling of the load and deformation occurring in the scoliotic spine 
and trunk requires accurate prediction of body segment parameters.  This study 
provides new anthropometric reference data on vertebral level-by-level torso area 
and volume for the scoliotic spine, currently not available in existing literature.  In 
addition, this data can be used to estimate torso segment masses in AIS patients 
and can be used for biomechanical models of scoliosis progression and treatment. 
The next chapter uses this data to estimate gravity induced moments in the scoliotic 
spine and discusses how these moments are affected by the supine to standing 
posture.  
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Chapter 4 : Determining Coronal Plane Joint Moments in 
the Scoliotic Spine under Gravitational Loading 
This chapter uses the torso segment masses calculated in the previous chapter to 
estimate the gravity-induced joint moments (JM) acting on the scoliotic spine in the 
coronal plane.  A key assumption in the analysis which follows is that the CT scans 
used in Chapters 3, 4 and 5 (with the patient in the supine position) are sufficiently 
representative of the spinal configuration in relaxed standing to allow estimation of 
coronal plane joint moments in simulated standing.  The coronal plane was chosen 
for the analysis of this chapter because it is the plane of primary interest when 
assessing scoliosis clinically.  Furthermore, the biomechanical principles used here 
could also be applied to the other anatomical planes in future. 
In the healthy, non-scoliotic spine there are negligible joint moments acting in the 
coronal plane, whereas, as mentioned in the Literature Review, once a small lateral 
curvature presents in a spine (with the trunk in the upright position), the weight of 
the torso segments superior to that curve generate a lateral bending moment that 
can potentially exacerbate the deformity during subsequent growth.  For a patient 
with mild scoliosis, the moment created has been estimated to be in the order of 0.5 
Nm (Schultz, 1984).  However, it is not yet known whether there is a threshold 
beyond which joint moments drive deformity progression.   
 
Previous studies suggest that gravitational forces in the standing position play an 
important role in scoliosis progression.  Adam et al. (2008) reported that gravity-
induced axial rotation torques may modulate intravertebral rotation in progressive 
idiopathic scoliosis (as gravitational forces acting on a curved spinal column 
generate torque about the column axis).  Torques as high as 7.5 Nm were found 
acting on scoliotic spines in the standing position, but further investigation of this 
area is required (Adam et al., 2008).   
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Spinal loading asymmetry in the lumbar spine with regard to muscle activation has 
also been extensively reviewed by Stokes (Stokes, 2007a, Stokes and Gardner-
Morse, 2004, Stokes, 1997).  However, to the best of our knowledge, there have not 
been any previous analyses of gravity-induced coronal plane joint moments in the 
thoracolumbar spines of AIS patients.    
 
Given that joint moments in the transverse plane have previously been estimated by 
Adam et al (2008), the plane of primary interest in the current study is the coronal 
plane.  This is also the plane in which routine scoliosis assessment is performed 
clinically through the use of standing postero-anterior plane radiographs.  Whilst 
joint moments are also induced in the sagittal plane, the spine is adapted to resist 
these, since they are present as a consequence of the natural thoracic kyphosis and 
lumbar lordosis which is present in scoliotic and healthy spines alike.    
 
4.1 Methodology 
To calculate the gravitational loads acting on each torso segment in the scoliotic 
spine, the torso segment masses (calculated in Chapter 3) were multiplied by 9.81 
m/s2 to give torso segment weight vectors.  As the CT scans only included the 
thoracolumbar spine and scapulohumeral joint, the weight of other body segments 
above the apex (i.e. the head, neck, arms and hands) had to be estimated using 
anthropometric data (explained in Section 4.1.1).  The joint moments at each 
vertebral level were then calculated by multiplying the torso segment weight vectors 
for each of the torso segments above the intervertebral joint in question by the 
perpendicular distance between the weight vectors and the Instantaneous Centre of 
Rotation (ICR) of the joint in question.  For example, for the T3/T4 joint, the 
moments from the head and neck, left arm, right arm and T1, T2 and T3 segments 
were summed to obtain a value for the T3/T4 joint moment.   
                                               
 The term joint moment simply refers to a lateral bending moment acting on a spinal joint. 
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4.1.1 Anthropometric Data  
As the CT scans only included the thoracolumbar spine and glenohumeral joint, the 
weight of other body segments above the apex (i.e. the head, neck, arms and 
hands) were estimated using anthropometric data (Winter, 2009).  Equations 4-1a 
and 4-1b were then used to determine patient specific values for the mass of the 
head+neck, and for each arm+hand. 
8.1% ×  𝑝𝑎𝑡𝑖𝑒𝑛𝑡 𝑏𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑘𝑔) =  𝑚𝑎𝑠𝑠 𝑜𝑓 ℎ𝑒𝑎𝑑 + 𝑛𝑒𝑐𝑘        (Equation 4-1a) 
5.6% ×  𝑝𝑎𝑡𝑖𝑒𝑛𝑡 𝑏𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑘𝑔) =  𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎𝑟𝑚 + ℎ𝑎𝑛𝑑     (Equation 4-1b) 
where the head+neck weight vector was located at the centroid of the T1 superior 
endplate and the arm+hand weight vector was positioned on the glenohumeral joint 
(Figure 3).  It is important to note however, that the present literature regarding body 
segment parameters is limited, particularly for female subjects or adolescents.  As a 
result, the anthropometric body segment percentage values (reported by Winter) are 
based on measurements of eight male cadavers aged 61 – 83 years.  Whilst we 
note that this introduces a limitation to the study, AIS patients tend to be leaner and 
have significantly lower body mass index (BMI) compared to healthy age-matched 
controls; and therefore are likely to have segment values as a percentage of body 
mass closer to those of elderly adults (Barrios et al., 2011, Ramirez et al., 2013). 
4.1.2 Locating the Instantaneous Centre of Rotation (ICR) 
The next step was to determine the ICR location at each level.  Since there is an 
absence of ICR measurements for lateral bending in scoliosis patients, the ICR was 
assumed to lie at the centroid of a coronal plane projection of the intervertebral disc.  
The ImageJ ‘Polygon’ tool was used to trace the outline of each IVD (as shown by 
the red lines) in Figure 4-1(a).  Note that the image has been thresholded in this 
case, to only display bone, hence the disc is not visible.   
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Once the boundaries of the IVD had been drawn, the ImageJ ’Centroid 
Measurement’ tool was used to determine the centre of this region, which in turn 
allowed the ICRs (represented by the blue dots) to be located in the geometric 
centre of the IVD in the pseudo-coronal plane projection of the patient’s spine.   
Figure 4-1(b) shows a plot of the torso segment weight vectors (red arrows) 
together with the assumed ICR located in the centre of each disc (blue dots).  The 
lengths of the red arrows are not proportional to the weight of the torso segment, but 
simply illustrate the location of the vectors.  In addition, the pink arrows located on 
the glenohumeral joint and the centroid of the T1 superior endplate represent the 
estimated torso segment weight vectors of the arm+hands (Fg2) and head+neck 
(Fg1). 
 
 
Figure 4-1: Constructions to calculate segmental moments: (a) using ImageJ polygon 
tool to trace the outline of a disc space for calculation of the disc’s coronal centroid 
for the joint’s ICR location (blue dot); (b) coronal reformatted image of the entire 
thoracolumbar spine with overlaid plot of the torso segment weight vectors (indicated 
by red arrows), the estimated head and upper limb weight vectors (pink arrows) and 
the ICRs located at the centroids of the IVDs (blue dots).  
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4.1.3 Calculating Gravity-Induced Coronal Plane Joint Moments 
The torso segment weight vectors, together with the assumed ICR locations allowed 
calculation of the coronal plane joint moments for the gravitational loading case.  As 
previously stated, although the patients were supine for the CT scans, the same 
spine configuration is assumed here to represent a relaxed, standing position for the 
calculation of standing gravitational moments.  The effect of the change in spinal 
configuration between supine and standing on calculated joint moments is further 
discussed in Section 4.3.  Intervertebral joint moments at each vertebral level were 
found by summing the moment of each of the torso segment weight vectors 
(including the head, neck and arms) about the ICR of the joint in question (Force  
perpendicular distance to the ICR).  For example, for the moment acting about the 
ICR of the T3/T4 joint, the moment contributions from the head and neck, left arm, 
right arm and T1, T2 and T3 segments were summed to obtain a value for the T3/T4 
joint moment.   
 
As the torso segment weight vectors were applied parallel to the z-axis of the CT 
scanner, it is important to consider the position of each patient on the scanner bed 
to identify any misalignment of patients during their supine scan.  This was 
assessed by comparing the standing radiograph coronal plane (T1-S1) plumb line 
with the supine CT scan for the entire cohort.  
 
A detailed methodology of the process used to calculate the coronal plane joint 
moments can be found in Appendix B.  The same 20 patients as described in the 
torso segment mass chapter were used in this study (refer to Section 3.2.1 for 
patient demographics).  
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4.1.3.1 The Effect of Shifting the Location of the ICR 
As just stated, this study assumed that the coronal plane ICR was located at the 
centroid of a coronal plane projection of the IVD in question.  Since there is 
uncertainty regarding the position of the ICR in the scoliotic spine, a sensitivity 
analysis was carried out to assess the effect of changing the ICR location on the 
estimated joint moments.  In this sensitivity analysis, the assumed ICR location was 
shifted laterally by 10 mm in each direction (towards and away from) the convexity 
of the scoliotic curve (refer to Figure 4-2).  This analysis was only performed in the 
lateral direction as this is the direction that affects the moment arm (perpendicular 
distance to the torso segment mass).  
     
Figure 4-2: Different ICR locations, where (a) shows the ICR location towards the 
convexity of the curve, (b) the assumed central location of the ICR and (c) the ICR at 
the furthest point from the convexity of the curve. 
4.2 Results 
The mean age of the group was 15.3 (SD 2.3) years.  All patients had right-sided 
major thoracic Lenke Type 1 curves with a mean thoracic Cobb angle of 52 ° (SD 
5.9 °).  The mean mass was 57.5 kg (SD 11.5 kg).  Five patients were Risser grade 
0, one patient was Risser grade 3, five patients were Risser grade 4 and nine 
patients were Risser grade 5.  The 20 patients analysed in this study are identical to 
those in Chapter 3.  Please refer to Table 3-1 for more detailed patient 
demographics.  Figure 4-3 shows a boxplot of joint moment vs vertebral level for the 
entire cohort. The joint moment distributions for each of the 20 patients in the study 
are given individually in the Supplementary Data.   
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Figure 4-3:  Coronal plane joint moments for the 20 patients.  The circles represent 
outliers (those data points between 1.5-3.0 times the interquartile range outside the 
first and third quartiles respectively) and the asterisks represent extreme outliers 
(more than 3.0 times the interquartile range outside the first/third respectively).  The 
scale shows joint moments in Nm and +ve is a clockwise moment.  Patient 5 is shown 
in orange, Patient 13 is shown in green and Patient 14 is shown in blue. 
 
As expected, the maximum joint moment for the major thoracic curve in each patient 
occurred at the joint closest to the apex of the curve, and the magnitudes of these 
peak moments for the entire patient group are compared in Figure 4-4.  It should be 
noted that there were in some patients, large joint moments in the lumbar spine.  
These larger moments were due in part to the cumulative weight of the body 
segments above the lumbar joints. The lumbar moments showed greater variability 
than those for the thoracic region, most probably due to the variability in the 
presence of a large compensatory lumbar curve.  
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The clinical data for each subgroup of patients (with similar joint moment 
distributions) is given in Table 4-1.   
  
 
 
 
Figure 4-4: Maximum coronal plane joint moment acting at the apex of the curve for 
Patients 1-20 in the present study.  
 
2.1 – 3 Nm                   3.1-4Nm                   4.1-5Nm            5.1-6Nm              6.1-7Nm 
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Table 4-1: Demographics and clinical data (from standing radiographs) for the 
patients grouped by maximum coronal plane joint moment (JM) 
 
JM Group 
Pt 
ID 
Age 
(years) 
Patient 
Mass 
(kg) 
Height 
(cm) 
Risser 
(0-5) 
Major Cobb 
Angle (°) 
Lenke class 
(1A, 1B, 1C) 
Max 
JM 
(Nm) 
2.1 - 3 
Nm 
10 16.6 46.3 163 5 49 1A 2.9 
14 13.7 83.0 163 4 58 1C 3.0 
Mean - 15.2 64.7 163 - 54 - 2.9 
 
3.1-4 Nm 
5 14.5 59.6 167 5 45 1A 3.1 
11 15.4 59.6 161 5 44 1A 3.2 
18 16.5 54.6 164 4 50 1A 3.3 
8 14.7 45.5 156 5 47 1A 3.4 
17 16.7 54.0 167 3 50 1A 3.5 
19 11.9 54.7 146 0 52 1B 3.5 
12 13.8 55.4 171 4 54 1C 3.7 
7 13.0 47.0 160 0 63 1A 3.8 
3 16.2 63.0 165 5 42 1C 3.9 
Mean - 14.7 54.8 162 - 50 - 3.5 
 
4.1 – 5 
Nm 
2 15.2 58.9 173 5 45 1C 4.3 
20 15.1 48.7 170 0 50 1A 4.3 
9 14.8 64.0 165 5 48 1B 4.3 
6 14.0 49.0 164 0 62 1A 4.4 
16 14.7 58.0 160 4 55 1B 4.6 
Mean - 14.7 56.0 166 - 52 - 4.4 
 
5.1 - 6 
Nm 
15 19.2 52.5 168 5 58 1A 5.2 
1 12.3 41.0 157 0 54 1A 5.4 
4 22.3 70.8 175 5 48 1C 5.5 
Mean - 17.9 54.8 167 - 53 - 5.4 
 
6.1 – 7 
Nm 
13 14.8 84.7 161 4 57 1B 7.1 
 
Group 
Mean 
- 15.3 57.5 163.8 3 52 - 4.1 
 
A Pearson Product Moment Correlation found no significant relationship between 
maximum joint moment at the apex and clinically measured major Cobb angle (P = 
0.252).  A scatter plot of the maximum apical joint moment and Major Cobb angle 
(in standing) is shown in Figure 4-5.   
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Figure 4-5: Clinical major Cobb angle versus maximum coronal plane joint moment (at 
apex). 
Visual inspection of the joint moment distributions for each patient shows significant 
variability according to spinal curve shape. This is highlighted in Figure 6, where 
three patients from the study (Patients 8, 12 and 19) all having similar major Cobb 
angles (47°, 54° and 52° with peak joint moments of 1.86, 2.29 and 3.06 Nm 
respectively) are compared. The individual coronal plane joint moment plots for 
each patient can be found in Appendix C.   
 
 
Figure 4-6: Examples of coronal CT images (from Patients 4, 8 and 10) showing the 
variability of joint moment distribution for three patients (Anterior-Posterior view).  
The scale shows joint moments in Nm and +ve is aclockwise moment 
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Multi-linear regression found no statistically significant relationship between joint 
moment distribution and four independent variables: patient mass (p = 0.50), age (p 
= 0.35), Risser sign (p = 0.10) and Lenke modifier (p = 0.78) with an R-squared value 
18 % (for all four variables combined).  
Because the foregoing analysis was performed on supine CT anatomy, we also 
include an estimated correction for supine to standing change in Cobb angle (grey 
bars in Figure 5). This correction was performed by measuring the Cobb angle on 
both the supine CT image and the clinical standing X-ray as described in a previous 
study (Keenan et al., 2014).   
The difference between the two Cobb angle measures was divided by the patient’s 
supine Cobb angle, and used to scale the joint moment at the apex to provide an 
estimate of the joint moment in standing.  In this way, the estimated increase in joint 
moment varies by patient depending on the flexibility of the spine.   
With regard to patient positioning on the scanner bed, of the 20 patients analysed, 
only three of the plumb lines (Patients 2, 16 and 17) differed by 2 cm or more 
between standing radiograph and supine CT. 
4.2.1 The Effect of ICR Positioning on Joint Moments 
Shifting the assumed IAR by 10 mm towards the convexity of the spine, increased 
the joint moment at that level by a mean 9.0%, showing that calculated joint 
moments were moderately sensitive to the assumed IAR location.  When the IAR 
midline position was moved 10 mm away from the convexity of the spine, the joint 
moment reduced by a mean 8.9%.  Figure 4-7 shows three joint moment plots when 
the ICR is positioned in the centre of the disc and 10 mm towards and away from 
the convexity of the curve. 
Chapter 4: Determining Coronal Plane Joint Moments in the Scoliotic Spine Page 100 
 
 
 
Figure 4-7: Patient 3 joint moment plots when ICR was moved towards (green) and 
away (yellow) from the curve convexity.  Pink line is the joint moment plot when ICR 
is located in the centre of the disc. 
 
 
4.2.2 Intra-observer Variability 
Intra-observer variability for the torso segment thickness, mass and slice location 
was identical to that already stated in Chapter 3.  With regard to the sensitivity of the 
ICR location, the abovementioned 9% change in response to a 10 mm shift towards 
or away from the curve convexity suggests that a relative shift of the ICR by 2-3 mm 
(a typical value for intra-observer variability in ICR location selection) would have 
only, at most, a 3% effect on the resulting coronal plane joint moment.   
4.3 Discussion  
Previous studies have suggested that gravity plays a key role in driving deformity 
progression in AIS.  The primary aim of this study, therefore, was to take advantage 
of an existing 3D CT dataset to estimate joint moments in the standing scoliotic 
spine; to assess the magnitude and distribution of coronal plane joint moments 
occurring in AIS patients with moderate deformities; and to assess whether there is 
a relationship between joint moment magnitude and curve severity.    
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The results from this study have shown that there is a consistent pattern of joint 
moments in this group of patients with the same type of deformity (i.e. right-sided 
Lenke Type 1, thoracic curves).  Despite this, the maximum joint moment in the 
major curve always occurred at the apex of the thoracic curve, although some 
patients also displayed large joint moments in the lumbar compensatory curve. 
When dividing the patient cohort into subgroups of patients with similar joint 
moments, no clear trends were observed with existing clinical measures (as shown 
in Table 1).  One might expect apical joint moments to increase with Cobb angle but 
this was shown not to be statistically significant.  Similarly, there was no clear 
relationship between patient age, mass, Lenke modifier and Risser sign with joint 
moment distribution.  
Because the CT scans were performed in the supine position and curve magnitudes 
are known to be 7-10 ° smaller than those measured in standing (Torell et al., 1985, 
Keenan et al., 2014), the joint moments in actual standing (as opposed to the 
simulated standing analysis performed here) would be expected to be greater than 
those calculated. The effect of the supine vs standing position on joint moments was 
estimated in Figure 4-8, with the apical joint moment increasing by an average of 
1.08 Nm (range 0.43 – 2.34 Nm).  Whilst it is acknowledged that there is not a clear 
relationship between the size of Cobb angle and joint moments found in this study, 
the scaling of moment from the change in Cobb angle from supine to standing gives 
a simple estimate of the possible effect. This increase may be important for future 
studies if there is found to be a threshold joint moment beyond which a patient is at 
increased risk of progression. 
It is also important to consider patient alignment on the scanner bed because the 
gravity vectors were always assumed to act along the scanner bed coordinate 
system z-axis in this analysis.  
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We note that only three of the patients had a different in plumb line of more than 2 
cm between standing clinical radiograph and supine CT scan, suggesting that 
perhaps these three patients were not ideally aligned for their supine scan. Two of 
these patients (16 and 17) do exhibit relatively high lumbar spine joint moments, 
which may be an artefact of their positioning on the scanner bed. 
Whilst the present study does not include any muscle loading, we believe that the 
use of static analysis to calculate the gravity-induced joint moments was an 
appropriate starting point; particularly for analysis of loading in the thoracic spine. 
Firstly, the rib cage has been shown to significantly increase stability of the thoracic 
spine (by 40% in flexion/extension, 35% in lateral bending and 31% in axial rotation 
(Watkins et al., 2005)).  Secondly, lateral bending tests on cadaveric lumbar spine 
motion segments have shown that applied moments of 4.7 - 10.6 Nm of lateral 
bending result in rotations of 3.51 - 5.64° (Nachemson et al., 1979, Kelly and 
Bennett, 2013).  Taken together, these studies suggest that the coronal plane 
moments (up to 7 Nm) estimated here, could be resisted by passive 
osseoligamentous structures undergoing a few degrees of lateral wedging. The 
extent to which muscle activation is involved in resisting coronal plane moments in 
standing AIS patients is unclear. 
In future, deformity progression could be assessed using sequential imaging 
techniques (as opposed to a single scan taken at one instant in time). Comparing 
the moments estimated at a particular time point to subsequent progression of a 
patient’s curvature could provide valuable information on whether there is a 
threshold beyond which the joint moments (either in a single plane or combined 3D 
moments) are large enough to drive the deformity. Such biomechanical 
understanding would provide useful insights into the effectiveness of bracing and 
other treatment strategies in individual patients.   
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Figure 4-8: Coronal plane joint moment (Nm) acting at the apex of the curve for the 20 
patients.  The grey bars are the estimated increase in the joint moment according to 
the increase in Cobb angle that occurs in standing relative to the supine position. 
Clinically, the lateral curvature in the coronal plane of the deformed spine is 
considered the primary plane of deformity, with the coronal Cobb angle most 
commonly used for monitoring and managing scoliosis.  Standing clinical coronal 
measures (i.e. Cobb angle, Risser and Lenke Type) for each patient in the study 
were therefore available from the Mater Hospital Spinal Clinic.  For this reason, this 
study only reports the coronal joint moments in the thoracolumbar spine.  Further 
assessment of the gravitational loads acting on the spine should investigate the 
shear forces that may contribute to rotational instability of the spine and moments 
acting in all six degrees of freedom (Castelein et al., 2005).   
In addition, the location of the centre of mass in the axial plane relative to the 
rotational deformity could be of interest as each patient in the study exhibits some 
degree of rotary deformation but this was outside the scope of this study.   
Sagittal joint moments were measured but due to difficulties in determining patient 
head positioning, it was decided that only the coronal plane joint moments provided 
reliable results.   
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Figure 4-9 shows Patients 3 and 8 from the present study, where the head 
positioning of Patient 8 is with the chin forward towards the chest as opposed to 
Patient 3 where the chin is more neutral.  
 
Figure 4-9: Sagittal joint moments of patient 8 (left) and patient 3 (right) in present 
study. 
4.4 Conclusion 
To conclude, coronal plane joint moments of up to 7 Nm are present at the apical 
level of the major curve, increasing to an estimated 9 Nm in the upright position.  
There is substantial variation in joint moment distributions between patients with 
apparently similar curve type and magnitude.  This study suggests that gravity is a 
potential driving factor in coronal plane scoliosis progression, which may help to 
explain the mechanics of AIS.  In terms of clinical implications for deformity 
correction, this study suggests that quite large forces for both internal 
instrumentation and external bracing are required to produce moments capable of 
countering those induced by gravity. 
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Chapter 5 : The Effect of Endplate Selection on Supine to 
Standing Cobb Change 
 
Chapters 3 and 4 estimated torso segment masses corresponding to each vertebral 
level for AIS patients, and then used these masses together with estimates for 
head, neck, arm and shoulder mass to calculate the joint moments in the coronal 
plane acting on the scoliotic spine under ‘simulated’ relaxed standing.  Both these 
prior chapters were based on supine CT data, and this introduces a potential 
limitation because the shape of the supine scoliotic spine is known to be different to 
that of the standing scoliotic spine, therefore the joint moments in standing could be 
different to those based on supine spinal geometry.  As already discussed (refer to 
Chapter 2), prior studies have reported major Cobb angles 7 – 10 ° (Adam et al., 
2010, Lee et al., 2013, Wessberg et al., 2006, Torell, 1985) smaller in the supine 
position than in standing due to changes in gravitational loading direction, and 
therefore it is possible to make an approximate correction for the supine to standing 
Cobb angle change.  However there is also a limitation in the prior studies, in that it 
is not clear whether endplate pre-selection (that is, forcing the upper and lower end 
vertebrae of the major scoliotic curve to be the same in both standing and supine 
positions) has an effect when comparing supine and standing Cobb angle 
measures.   
To the best of our knowledge, only two studies to date have directly measured the 
difference in Cobb angle between supine and standing positions (Torell et al., 1985, 
Lee et al., 2013).  Torell et al., (Torell et al., 1985) reported a mean 9 ° Cobb angle 
difference for a group of 287 female patients (aged 10 - 17 years, with mean supine 
Cobb angle of 30.6 ° and 39.4 ° in standing).  Similarly, Lee et al., (Lee et al., 2013) 
found a 10° Cobb angle difference for a group of 70 patients (40 female and 30 
male, aged 10 - 18 years with mean supine Cobb angle of 48 ° and 58 ° in standing).   
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Although not directly comparing supine and standing positions, two other studies 
have measured the Cobb angle change between supine axially loaded and non-
loaded cases using MRI (Adam et al., 2010, Wessberg et al., 2006).  Adam et al., 
(Adam et al., 2010) found a mean Cobb angle difference of 7° for a group of 10 
patients and Wessberg et al., (Wessberg et al., 2006) reported an 8° Cobb angle 
change for 30 patients.  The Wessberg et al., and Lee et al., studies used the 
vertebral endplates selected on the standing radiograph to measure the Cobb 
angles on supine MRI images.  Torell et al., (Torell et al., 1985) state that the 
radiographs were measured using routine techniques but does not state whether 
the end-vertebrae were pre-selected for the supine Cobb angles or not.  Adam et 
al., (Adam et al., 2010) measured Cobb angles for ten patients on supine MRI 
without endplate pre-selection.  Given that endplate pre-selection has been shown 
to affect Cobb angle measurement variability (Morrissy et al., 1990) and that the 
change in spinal configuration from supine to standing postures could result in a 
shift in the end vertebrae of a scoliotic curve, the primary aim of this chapter was to 
examine the effect of endplate pre-selection on the difference in Cobb angle and 
number of levels comprising the major curve between supine versus standing.  A 
second aim of this chapter was to identify which (if any) patient characteristics were 
correlated with supine versus standing Cobb angle difference. 
5.1 Methodology 
This study used the same series of existing low-dose CT scans as described in 
Chapters 3 and 4, except the subset group was larger (20 of the 52 patients in this 
chapter were identical to those in the previous chapters).  Patients’ ages ranged 
from 11 to 18 years and major Cobb angles ranged from 40 - 70.  All patients 
received PA and lateral standing radiographs and a fulcrum bending radiograph as 
part of routine clinical assessment prior to scoliosis correction surgery (Cheung and 
Luk, 1997, Hay et al., 2008).   
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The Cobb angle, fulcrum flexibility (Cheung and Luk, 1997), Risser sign (Risser, 
1958) and any leg length discrepancy were found from the patient’s clinical records.   
As mentioned in Equation 2-1 of Chapter 2, spinal flexibility in idiopathic scoliosis is 
clinically assessed using a pre-operative fulcrum bending radiograph, whereby the 
patient is required to lie laterally over a cylindrical bolster positioned at the curve 
apex.  Equation 2-1 was used to define Fulcrum Flexibility for all patients (Cheung 
and Luk, 1997). 
 
Experienced clinicians measured the Cobb angle on the patients’ standing 
radiographs as part of their routine clinic assessment at the hospital.  Each standing 
coronal Cobb angle was re-measured and verified by the two observers involved in 
this study.  In cases where both observers measured Cobb angles more than 5° 
different (the accepted intra-observer variability error) to those recorded in the 
clinical charts, a clinician was asked to blindly re-measure the patient radiograph to 
ensure measurement or recording error had not occurred in the records.  Observer 
1 was a post-graduate student with a degree in medical engineering and 2 years of 
clinical Cobb angle measuring experience.  Observer 2 was a senior research 
assistant with 14 years’ experience in clinical Cobb angle measurement.   
 
In order to measure Cobb angles from the supine CT scans, the same method (as 
previously described in Section 3.2.4) was used to create reformatted coronal plane 
images using ImageJ software (v.1.45) National Institutes of Health, USA).  
Combining the reformatted coronal slices into a single image was performed using 
the Z-project function in ImageJ.  Figure 5-1 shows examples of the reformatted 
coronal images obtained using this technique.   
 
A hardcopy of each reformatted coronal CT image was printed onto an A4 sheet of 
paper at a scale of approximately 60 %, to allow each observer to measure the Cobb 
angle using the standard Cobb method.   
Chapter 5: The Effect of Pre-selecting Endplates on Supine to Standing Cobb Change 
 Page 108 
To ensure the image was not distorted during scaling the aspect ratio of each image 
was locked. 
 
Figure 5-1: Reformatted coronal CT images of three individual idiopathic scoliosis 
patients, used for supine Cobb angle measurements. 
The two observers manually measured the Cobb angle on the reformatted coronal 
CT images for each patient using two methods: (1) the observer was permitted to 
select the endplates of the major curve and (2) the observer was provided with the 
pre-selected endplates from the standing radiograph and used these same levels 
for the supine CT Cobb measurement.  Both observers were blind to patient identity 
and patient order was randomized.  Observer 1 repeated the measurements for 
both methods 5 weeks later to determine the intra-observer variability.  The 
repeated measurements were performed on fresh printouts with no previous 
markings.   
 
To avoid confusion in the presentation of results, the following terminology is used: 
supine to standing Cobb Change refers to the increase in Cobb angle measurement 
from supine to standing e.g. if a supine scan measures 50 ° Cobb angle and a 
standing radiograph for the same subject measures 61 °, then the supine to standing 
Cobb change for that patient is 11 °.   
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The term difference is only used to refer to inter and intra-observer measurement 
differences.  For example, if Observer 1 measures a Cobb change of 8  ° and 
Observer 2 measures the same patient’s Cobb change to be 10 ° then the inter-
observer difference (in supine to standing Cobb change) for this patient is 2  °. 
5.1.1 Statistical Analysis 
Multi-linear regression was used to investigate whether there was a relationship 
between supine to standing Cobb change and patient characteristics using the 
statistics package SPSS (v.21, IBM, USA).  The dependent variable was assigned 
as supine to standing Cobb change (in degrees) and the eight independent 
variables explored were; patient age (yrs), mass (kg), standing Cobb angle (°), 
Risser Sign (0 – 5), ligament laxity (0 – 5), Lenke Type 1 lumbar modifier (i.e. A, B 
or C), fulcrum flexibility (%) and time delay between standing radiograph and CT 
scan (months).   
5.2 Results 
The patient demographics for each of the 52 female AIS patients can be seen in 
Table 5-1.  Individual Cobb angle measures recorded for each patient’s supine (with 
and without endplate pre-selection) and standing image can be found in Appendix D 
The mean age of the group was 14.6 years (SD 1.8) and all curves were right-sided 
major thoracic Lenke Type 1 with 30 patients classified as lumbar spine modifier A, 
13 as lumbar modifier B and 9 as lumbar modifier C.  The mean time interval 
between the standing plain radiograph and the supine CT scan was 1.0 (SD 0.5) 
month. 
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Table 5-1: Patient demographics for the 52 female idiopathic scoliosis patients, divided into nominal age groups. 
 
Nominal age at 
CT scan 
(yrs) 
Mean 
Age 
(yrs) 
No 
of 
patients 
Mean 
Mass  
(kg) 
Risser 
Sign 
(0-5) 
Ligament 
Laxity 
(0-5) 
Mean Supine 
Cobb angle 
(°)(range) 
Mean Standing 
Cobb angle 
 (°)(range) 
Mean change 
in Cobb 
(°) 
Lenke Type 1 
A B C 
All 14.6 52 52 0 – 5 0 - 5 42 (28-57) 52 (40-68) 11° 30 13 9 
11 11.5 2 44 0 0-2 42 (39-45) 50 (48-52) 8° 0 2 0 
12 12.4 6 44 0-3 0-3 44 (39-48) 56 (47-64) 12° 6 0 0 
13 13.5 15 50 0-4 0-4 46 (35-57) 54 (40-63) 8° 9 2 4 
14 14.5 11 60 0-5 0-4 42 (31-55) 51 (42-62) 9° 4 6 1 
15 15.3 7 53 0-5 0-5 40 (34-51) 51 (44-68) 11° 3 1 3 
16 16.5 3 54 3-5 0-2 36 (30-40) 47 (42-50) 11° 2 0 1 
17 17.5 5 53 4-5 0-3 36 (28-43) 48 (38-58) 12° 4 1 0 
18 18.1 3 52 5 0-2 40 (32-49) 52 (42-58) 12° 2 1 0 
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5.2.1 Effect of Endplate Pre-Selection on Cobb Angle and Cobb Change 
The mean thoracic Cobb angle measured on standing radiographs was 51.9° (SD 
6.7°).  The mean thoracic Cobb angle on supine CT images without endplate pre-
selection was 41.1° (SD 6.4°).  The mean thoracic Cobb angle on supine CT images 
with endplate pre-selection was 40.5° (SD 6.6°).  Figure 5-2 shows a scatter plot of 
standing versus supine Cobb angles for the entire patient cohort with and without 
endplate pre-selection.  The two regression lines are almost identical for the supine 
Cobb angles, as the difference between pre-selecting and not pre-selecting 
endplates was negligible. 
 
Figure 5-2: Standing Cobb angles versus mean supine Cobb angles, with and without 
pre-selection.  The solid diagonal line indicates a 1:1 correspondence between supine 
and standing Cobb angles. 
For the entire patient cohort, (N = 52), when Cobb angles were measured on supine 
CT without endplate pre-selection, the mean supine to standing Cobb change was 
10.8° (SD 4.8°).  When Cobb angles were measured using the pre-selected levels 
from the standing radiograph the mean supine to standing Cobb change was 11.4° 
(SD 4.5°).  
Mean supine Cobb angle with 
endplate pre-selection 
Mean supine Cobb angle 
without endplate pre-selection 
Linear (Mean supine Cobb 
angle with endplate pre-
selection) 
Linear (Mean supine Cobb 
angle without endplate pre-
selection) 
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Pre-selecting vertebral endplates therefore increased the mean Cobb change by 
only 0.6° (SD 2.3°, range -9° to 6°) compared to the measurements without pre-
selection.  Figure 5-3 shows the range of supine to standing Cobb changes for the 
entire group and the effect of endplate selection on Cobb change. 
 
Figure 5-3: Distribution of mean supine-standing Cobb change with (red) and without 
(blue) pre-selecting vertebral levels. 
 
 
5.2.2 Distribution of Cobb Changes 
Whilst the mean supine to standing Cobb change for the patient group was 10.8 °, 
there were individual cases (see Figure 5-3) where patients had supine to standing 
Cobb changes of up to 20 °.  Of the 52 patients, 29 (56 %) had Cobb changes ≤ 10°.  
In 11 patients (21 %) the Cobb changes ranged from 10 - 14° and in 12 patients (23 
%) the Cobb changes were in the range 15 - 20°.  One patient in the study had a 
mean supine to standing Cobb change of -1°, implying that the supine Cobb angle 
measured on the CT scan was essentially the same as that of the standing 
radiograph. 
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5.2.3 Variation in Selected End Vertebrae 
Each patient’s supine Cobb angle was measured three times, such that observers 
chose upper and lower end vertebrae for 156 supine Cobb angles.  In 75 (48%) of 
the 156 supine Cobb angles measured, the upper and lower endplates chosen by 
the observers on the supine CT scan were identical to those measured clinically on 
the standing radiograph.  For the remaining 81 (52%) of the 156 supine Cobb 
angles measured, the endplates chosen by the observer were different to those 
measured on the standing radiograph. 
 
For these 81 measurements, the average supine to standing Cobb change was 
11.1° (SD 4.8°), whereas pre-selecting vertebral levels caused the mean supine to 
standing Cobb change to be 11.9° (SD 4.3).  Therefore the difference in mean Cobb 
change (between non-preselected and pre-selected endplates) was 0.8° (SD 2.8°, 
range -9° to 6°).  This is slightly higher than the 0.6° difference in Cobb change 
between non-preselected and pre-selected measurements given above for the 
entire patient group, but still not significant when compared to the generally used 5° 
threshold denoting a clinically relevant Cobb difference. 
5.2.4 Number of Vertebrae in Major Curve 
When considering how the number of vertebrae included in the major curve 
changed between supine and standing positions, a convention was adopted in 
which addition of a vertebra at either extent of the major curve between supine and 
standing positions was denoted as a positive (+) change, as shown in Figure 5-4.  
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Figure 3 – The number of vertebrae included in the major curve can change between the 
supine CT image (left) and the standing radiograph (right), where positive for the upper 
endplate is superior and for the lower endplate is inferior. 
Lower 
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If the chosen upper 
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If the chosen lower 
endplate is more caudal it 
is considered a +ve change 
 
 
 
Figure 5-4: The number of vertebrae included in the major curve can change between 
supine and standing. 
 
Using this convention, Figure 5-5 shows a histogram of the vertebral level changes 
between the supine CT scan and the radiograph (when the observers selected 
levels).  As already described (in Section 5.2.3), in almost half the cases the upper 
and lower endplates of the major curve did not change between supine and 
standing positions (75 out of the 156 Cobb measures taken).  However when there 
were changes, these tended to increase the number of vertebrae in the major curve 
(+1 values in Figure 5-5) rather than to decrease the number of vertebrae (-1 
values), with 41 cases (26%) having an additional vertebra in the major curve and 
20 cases (13%) displaying a reduction of one vertebra.  In very few cases there 
were changes of two or three vertebral levels in the major curve between supine 
and standing (+/-2 and +3 values in Figure 5-4) with only 17 cases (11%) showing 
an increase of two or three vertebrae and 3 cases (2%) showing a reduction of two 
vertebrae.  These results indicate that the number of vertebrae in the scoliotic curve 
tends to increase from supine to standing, but the effect is marginal. 
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Figure 5-5: Changes in the number of vertebrae between the supine CT scan and 
standing radiograph. 
 
5.2.5 Statistical Analysis – Predictors of Cobb Change 
Multi-linear regression (shown in Table 5-2) revealed a statistically significant 
relationship between the mean supine to standing Cobb change and three of the 
candidate independent variables: fulcrum flexibility (p = 0.001), age (p = 0.027) and 
standing Cobb angle (p < 0.001) with an R-squared value 38% (for all three variables 
combined).  Patient mass, Risser sign, ligament laxity, Lenke lumbar modifier and 
the time interval between the CT scan and radiograph were not found to be 
statistically significant.  Note that the unstandardized coefficients refer to the change 
in predicted Y for one unit change in X.  B coefficients are the values for the 
regression equation for predicting the dependent variable from the independent 
variable.  Std.error is the standard error associated with the coefficients. 
Table 5-2: Multi-linear regression results using SPSS: where the dependent variable 
was supine to standing Cobb change. 
 
Model 
Unstandardized 
Coefficients Significance 
B Std.  Error 
(Intercept/Constant) -29.039 8.027 .001 
Standing Cobb from X-ray (°) .408 .084 .000 
Independent 
variables 
Age (years) .686 .301 .027 
Fulcrum Flexibility (%) .053 .044 .001 
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5.2.6 Intra-observer and Inter-observer Variability 
The intra-observer variability was assessed by analysing the absolute supine to 
standing Cobb change (α) measurements by the same observer, using the Bland-
Altman approach (Bland and Altman, 1995): 
 
∆α = |α𝑛 −  α𝑛+1|,              (Equation 5-1) 
 
where n and n + 1 are successive measurements.   
 
Mean absolute (unsigned) intra-observer difference was 1.8°, the standard deviation 
(SD) of the difference was 1.6° and the 95% limits of agreement (1.96 x SD) was ± 
3.1°.  Further analysis showed that the mean signed intra-observer difference was  -
0.9° (close to zero), which suggests that no order bias existed between the first and 
second Cobb change measurements in a pair.  Figure 5-6 shows a scatter plot of 
signed measurement difference (α𝑛 − α𝑛+1)  versus standing Cobb measure.   
 
 
Figure 5-6: Intra-observer difference in supine to standing Cobb angle change versus 
standing Cobb angle. 
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The inter-observer difference (α) between observers was calculated using: 
 
∆α = |α𝑛 −  α𝑚|,                       (Equation 5-2) 
 
where, n and m are the Cobb change measurements by the two observers.   
 
The mean absolute inter-observer difference was 2.1°, the SD of the difference was 
1.9° and the 95% limits of agreement were ± 3.6°.  There was no statistically 
significant correlation between intra-observer variability and standing Cobb 
measurements and inter-observer variability and standing Cobb measurements. (i.e. 
patients with larger Cobb angles did not tend to have greater intra-observer 
measurement variability)  
 
Figure 5-7 shows a scatter plot of the difference between the supine to standing 
Cobb change for Observer 1.1 and 1.2, and Observer 1 and Observer 2 versus 
mean supine to standing Cobb change for each patient.  The mean supine to 
standing Cobb change includes both sets of measurements by Observer 1 as well 
as those by Observer 2.   
 
Figure 5-7: The difference between supine to standing Cobb change (for Observer 1.1 
and Observer 1.2 and Observer 1.1 Observer 2) versus overall mean Cobb change for 
each patient. 
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5.3 Discussion 
The Cobb angle method is the most widely used technique for quantifying spinal 
curve severity and assessing scoliosis progression and treatment outcomes.  While 
the majority of clinical assessments are performed on standing radiographs, supine 
imaging modalities such as CT or MRI are used in certain cases and can provide 
valuable additional information on the difference in scoliosis curve geometry 
between supine and standing positions.  Knowing this difference also gives 
researchers and clinicians guidelines when interpreting supine imaging modalities 
(such as CT or MRI) where a standing (plane radiographic) measure may not be 
available.  Whilst standing versus supine Cobb differences have been reported by 
several authors; to the best of our knowledge no previous studies have analysed the 
effect of endplate pre-selection on supine versus standing difference, nor have 
potential correlations between standing to supine Cobb change and patient 
characteristics been previously explored.  
 
The primary aim of this chapter was to determine whether endplate pre-selection 
affected the supine to standing Cobb angle change.  The current study found that 
endplate pre-selection caused only a minor (less than 1°) increase in supine to 
standing Cobb change, and that the mean (11°) increase in supine to standing Cobb 
change reported in this study is consistent with previous literature (Torell et al., 
1985, Adam et al., 2010, Wessberg et al., 2006, Lee et al., 2013).  The position and 
the number of vertebrae comprising the major curve were also subject to change 
from supine to standing, although we note that most end vertebrae were constant 
between postures.   
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Overall there was a small, clinically insignificant increase in the mean number of 
vertebrae in the major scoliotic curve from supine to standing.  Taken together, 
these results suggest that it does not matter whether endplate pre-selection is used 
or not when measuring supine to standing Cobb change, as any effect of pre-
selection on the results obtained will be less than observer measurement variability, 
and below the threshold of clinical significance for Cobb change.  However, the 
magnitudes of Cobb change measured in this study confirmed that postural 
differences must be accounted for when comparing supine and standing images of 
spinal deformity patients. 
 
The secondary aim of this chapter was to identify whether any patient 
characteristics were linked with supine to standing Cobb change.  Standing Cobb 
angle, age and fulcrum flexibility were all found to be statistically significant.  In 
biomechanical terms, patients with larger standing Cobb angles have greater 
moments acting on their spine due to gravitational loading on the deformity, so it is 
intuitive that supine to standing Cobb change would be related to curve magnitude.  
It would also be expected that a stiffening of the major curve, related to age would 
reduce the supine to standing Cobb change.  However one would also suspect that 
the curve may stiffen with skeletal maturity (Risser grade) but no statistically 
significant relationship between Risser grade and supine to standing Cobb change 
was found. 
 
This may be due to the uneven distribution of Risser grades for the entire cohort as; 
fourteen patients were classified Risser 0, three patients Risser 1, two patients 
Risser 2, seven patients Risser 3, fourteen patients Risser 4 and twelve patients 
Risser 5.  Having said this, we believe there were an adequate number of patients 
in the Risser 0, 3, 4 and 5 groups to find a statistically significant correlation 
between supine to standing Cobb change and Risser had one been present. 
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The relationship of most interest is that between Cobb change and fulcrum 
flexibility.  A current pre-operative clinical method for assessing spinal flexibility at 
our Centre is the use of fulcrum bending radiographs.  This method allows the 
clinician to estimate the curve correction which will be achievable with instrumented 
fusion surgery.  The current study suggests that supine to standing Cobb angle 
change could be further investigated as an alternative flexibility measure for 
idiopathic scoliosis patients for cases where additional imaging is undesirable or not 
possible.   
 
With regard to the use of Cobb change as a measure of major curve flexibility, it is 
important to note the large range in Cobb changes, between -1° and +20° for the 
patient group.  From a biomechanical perspective, the two measures are very 
different.  The fulcrum flexibility method is a more specific measure that targets the 
apex of the major curve through local loading to predict curve correctability.  A 
fulcrum is deliberately placed against the rib corresponding to the apex of the curve 
to reduce the effect of muscle activation.  By contrast, the supine to standing Cobb 
change can be considered more as a globalized loading where factors such as 
increasing gravitational loading at lower vertebral levels and muscle activation could 
play a significant role.  In addition to the coronal plane, the fulcrum bending and 
supine-to-standing flexibility measures are also likely to cause differences in the 
sagittal and transverse planes (particularly since some de-rotation of the rib hump is 
likely to occur during supine scanning).  However, the primary focus of this present 
study was Cobb angle changes in the coronal plane as this is the plane of primary 
relevance in current clinical practice. 
 
The combined R2 value for all three of the statistically significant variables in the 
Cobb change regression was only 0.38, suggesting that there may be other, as yet 
un-identified factors which affected supine to standing Cobb change.  
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It is also possible that measurement variability reduced the coefficient of 
determination (i.e. the R2 value). The inter-observer and intra-observer 
measurement variability found in the present study is in agreement with reported 
(2.6 ° – 8.8 °) ranges from previous studies (Wills et al., 2007, Cheung et al., 2002, 
Morrissy et al., 1990, Zmurko et al., 2003), tending toward the lower range of 
measurement error.  The 95% limits of agreement of ±  3.1° for intra-observer 
variability was comparable to Shea et al, who reported a 95% limits of agreement of 
± 3.3° error (Shea et al., 1998).  The 95% limits of agreement of ± 3.6° for inter-
observer variability was slightly lower than the 5 - 6° reported in the existing literature 
(Ylikoski and Tallroth, 1990, Adam et al., 2005, Dutton et al., 1989).  We note that in 
the present study, observer variability was assessed for Cobb change (i.e. the 
difference between a standing and supine Cobb angle), rather than for a single 
Cobb measurement as in previous variability studies.   
5.4 Conclusion 
Pre-selection of vertebral endplates does not have a clinically significant effect on 
Cobb change between the supine and standing positions.  The mean 11° supine to 
standing Cobb angle increase is consistent with previous literature.  The number of 
vertebrae selected in the scoliotic major curve tended to increase from supine to 
standing, but was not clinically significant.  Statistically significant correlations were 
found between supine to standing Cobb angle change and standing Cobb angle, 
age and fulcrum flexibility.  Supine to standing Cobb angle change could be further 
investigated as a useful alternative measure of spinal flexibility in AIS patients.  
Moreover, the effect of supine versus standing Cobb angle change on coronal joint 
moments, particularly for patients with Cobb angle changes as high as 20° should 
be explored.  One would assume that with large Cobb angle changes, there would 
be a significant increase in joint moments from supine to standing, particularly at the 
apex of the curve. 
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Chapter 6 : The Development of a 3D Sequential MRI 
Protocol  
As mentioned in the Introduction, clinical assessment of scoliosis progression and 
treatment is currently performed using 2D plane radiographs.  However the 
usefulness of clinical radiographs in exploring underlying patterns of deformity 
progression during growth is limited, because they do not provide 3D images of 
spinal anatomy, and radiographs provide poor quality images of soft tissues. 
Magnetic Resonance Imaging (MRI) has the advantage that it does not use ionizing 
radiation, and therefore can be used for sequential imaging of spinal growth and 
deformity progression in scoliosis. 
The next three chapters, therefore, address how the deformity in a scoliotic spine 
progresses during growth, when imaged using a specially designed 3D protocol.  As 
mentioned in Chapter 2, it is well accepted that a relationship exists between curve 
progression and rapid growth in patients with AIS.  To date, studies investigating 
curve progression using MRI have involved, for example, vertebral thoracic 
morphometry, syringomyelia and abnormal loading (Scherrer et al., 2013, Guo et 
al., 2003, Yeom et al., 2007, Rajwani et al., 2004).   
To the best of the author’s knowledge, the work presented in the following chapters 
is the first sequential MRI study worldwide, that investigates the growing scoliotic 
spine in 3D at multiple points in time.  This chapter describes the development of 
the 3D MRI protocol which is used for the sequential measurements of scoliosis 
growth and progression in Chapters 7 and 8. 
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6.1 Motivation 
MRI is not routinely used for assessment of idiopathic scoliosis except before 
surgery to rule out any intraspinal anatomical or neurological abnormalities.  With 
the increasing awareness surrounding ionizing radiation, it was proposed that a 
sequential MRI study would be carried out to assess curve progression in growing 
patients who were skeletally immature.  The aim of this work was to develop a 3D 
MRI protocol to obtain the highest resolution possible with the available 3T clinical 
scanner.  Because growth is of key importance to curve progression, sequential 
MRI scans were to be taken in growing adolescent patients.  The term sequential 
refers to an initial scan, which is followed by a second scan 3 - 9 months later and 
then a third scan 3 - 9 months after that.  In order to capture the rapid growth spurt 
of the patient, the time periods between the scans varied according to the stage of 
growth of that patient, determined during their clinical appointments  
6.2 Materials and Methodology 
6.2.1 MRI Scanner 
A collaboration was established between the PSRG and the MRI department at the 
Mater Adult hospital in Brisbane, Australia, in order to carry out the sequential MRI 
study on a Philips 3 Tesla Achieva TX Dual Transit system (software v 3.2.3.2).   
MRI knowledge and expertise was provided by Dr John Earwaker (Radiologist) and 
Mr Damon Bennett (Head Radiographer) at the Mater hospital.  Figure 6-1 shows 
the 3 T MRI scanner set up at the hospital, with customised screens for the younger 
patients. 
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Figure 6-1: 3T MRI scanner at Mater hospital (left) with customized screens for 
younger patients (right). 
 
6.2.2 MRI Considerations  
A fundamental consideration of any MRI investigation is how to optimally balance 
image resolution, Signal to Noise Ratio (SNR), Field of View (FOV) and acquisition 
time.  The SNR is defined as the ratio of useful signal to unwanted signal (noise) in 
the image, and is one of the most important factors of image quality (Schild, 1990).  
The FOV is the size of the 2D or 3D area of the image - the smaller the FOV the 
higher the image resolution.  These three imaging parameters are inter-reliant: 
higher resolution allows fine anatomical details to be observed clearly but typically 
reduces SNR, and/or increases imaging time (Plenge et al., 2012).  At the same 
time, a certain minimum level of SNR is required to distinguish the signal of interest 
from system noise.  Prolonged scan times also need to be avoided as patients are 
required to remain still during the scan and if uncomfortable, can introduce motion 
artefacts into the images.   
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Owing to this research investigation being performed at the Mater Adult hospital 
during clinical scanning hours, there was also an additional consideration of 
research allocation time for the scanner.  The time assigned for each patient 
participating in this study was 30 minutes; therefore a number of different protocols 
were tested to ensure the most suitable protocol was used.   
6.2.3 Development of Sequential MRI Protocol  
The initial development of the sequence was undertaken using a skeletally mature 
healthy volunteer.  The FOV and acquisition time for scans were the principal 
factors in determining the most appropriate protocol, in order to image the whole 
major curve and to limit the acquisition time to a standard clinical appointment time. 
6.2.3.1 MRI Pilot Scan 1 – Scout Image Protocol 
Prior to performing 3D volume imaging, a coronal ‘scout’ image stack (a low-
resolution scan containing 9 - 10 slices) was taken to capture the whole spine (for 
scoliosis patients, this allowed the major curve to be identified).  The coil used to 
transmit and receive the whole spine was a ‘quadrature body coil’ (an integrated 
body coil with integrated Radio Frequency (RF) and high SNR, ideal for scanning 
large regions).  The protocol used to perform the scan was a T1-weighted Coronal 
T1 Fused protocol created in two sections taking between 4-5 minutes in total 
(explanation of the T1-weighted protocol is given in Section 6.3.3.3).  The two 
sections were “stitched” together via the MRI console post-processing software to 
produce quickly an overall image of the spine.  Owing to the stitching process, the 
scout image often displayed abnormalities that were not actually there (Figure 6-2).  
This was not important as these images were only used to identify the region of the 
spine to be imaged with the 3D protocol.   
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Figure 6-2: Scout image of the same patient at two different time periods.  A neat 
stitch is shown on the left and an incorrect stitch is shown to the right. 
6.2.3.2 Pilot Scan 2 – 3D Apex and Major Curve Protocol 
In the second pilot study, different signal weighting protocols were used to 
determine what image quality could be achieved and how many scans could be 
performed within the patient appointment time.  At first, two separate 3D high 
resolution scans were designed to capture ether a small number of vertebrae to 
highlight the ‘apex’ of the curve or the maximum number of vertebrae which would 
show the whole of the ‘major curve’.  This was done to assess whether a smaller 
FOV would lead to higher resolution for those vertebrae.   
A T1 -weighted coronal scan with a voxel size of 0.3 x 0.3 x 0.3 mm was used for the 
‘apex’ scan and a T2-weighted scan with a voxel size of 0.5 x 0.5 x 0.5 mm for the 
‘major curve’.  The type of coil used for this type of scan was the Philips ‘XL Torso’ 
coil, an 8 channel receive-only coil with 40 cm coverage as shown in Figure 6-3.  
This type of coil acquires images with very high SNR and large FOV.  These 
advantages may be traded-off for reduced scan time by decreasing the number of 
signal averages (NSA) (Schild, 1990). 
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Figure 6-3: Philips ‘XL Torso (8 phased- array) coil used for the sequential MRI 
study. 
Figure 6-4 shows the two different scans obtained from the second pilot study.  It is 
clear to see from Figure 6-4 that in the ‘apex’ image (left) there is image noise and 
the clarity is grainy.  The ‘major curve’ image quality is poor and it is hard to 
distinguish between the vertebral endplates and intervertebral discs. The acquisition 
time of each of these scans was approximately 15 minutes.  Performing both these 
scans would require the patient to lie still for 30 minutes which would cause 
discomfort and possibly introduce motion artefacts if they moved.  In addition, the 
patient appointment time including set up was 30 minutes, so combining these 
scans would exceed the allocated patient time. 
 
Figure 6-4: Healthy volunteer - T1-weighted scan of the 'apex' (left) and T2-weighted 
image of the ‘major curve’ (right). 
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Owing to the time limitations, it was therefore decided that a 3D high-resolution scan 
should be designed to encompass both the apex and major curve of the deformity in 
one scan.  The acquisition time could not exceed 20 minutes and the clarity and 
contrast definition needed to be high. 
6.2.3.3 Pilot Scan 3 – Deciding which signal weighting should be used for the 
3D scan 
To ensure the most appropriate scan type was chosen, a series of different 
protocols were run.  As mentioned in the Introduction (section 2.4.2), T1 and T2-
weighted scans differentiate fat and tissue differently.  T1-weighted scans show fat 
to be bright and water to be dark and the opposite is shown for T2-weighted scans.  
Figure 6-5 shows a scan of the major curve (in the same healthy volunteer) using 
T1-weighted and T2-weighted protocols. 
 
Figure 6-5: Healthy volunteer scan of 'major curve' using a T1-weighted scan (left) and 
T2-weighted scan (right). 
In addition, a Proton Density Weighted (PDW) scan was performed to see if this 
was a more viable option.  This type of scan differs from T1 and T2-weighted scans 
as it attempts to have no contrast from either T1 or T2 decay, the only signal change 
coming from differences in the amount of available spins (hydrogen nuclei in water) 
(Schild, 1990).   
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Figure 6-6 displays the images that were achieved using a PDW scan.  The image 
on the left (a) presents a good quality and resolution image where it is easy to 
distinguish the vertebrae from the discs.  However the PDW scan type is 2D with a 
slice thickness of 3 mm.  As mentioned in Chapter 2, the slice thickness refers to the 
‘band’ of nuclei that are excited by the excitation pulse.  The slice thickness needs 
to be thin (i.e. 0.5 mm as opposed to 3 mm) for this study to ensure no anatomical 
structural changes are missed between slices.  In order to reduce the slice 
thickness of the scan, a steep gradient slope and a narrow bandwidth was applied.  
This altered the parameters of the PDW scan to the following; the slice thickness 
decreased to 0.5 mm and the image type was changed to 3D, consequently 
increasing the acquisition time to 1 hour 38 minutes which made this scan type 
unfeasible.   
It was therefore decided that a T1-weighted coronal protocol would be used in Pilot 
scan 4 but with a significant change in parameters.  The number of signal averages 
(NSA) was increased and the signal-to-noise ratio and bandwidth was altered 
accordingly.  
 
 
 
Figure 6-6: (a) 2D Proton Density Weighted (PDW) scan with 3 mm slice thickness and 
(b) 3D PDW scan with 0.5 mm slice thickness. 
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6.2.3.4 Pilot Scan 4 - Final MRI Protocol 
The final protocol was performed on 11/09/2012.  A ‘T1-weighted 3D Gradient Echo’ 
sequence with a voxel size 0.5 x 0.5 x 0.5 mm was used but the number of signal 
averages (NSA); bandwidth and signal-to-noise ratio was altered.  The NSA were 
increased to increase the signal-to-noise ratio, which in turn allowed better contrast 
and quality.  The TR and TE were 5.9 ms and 2.7 ms respectively, with the flip angle 
set to 5° (where the flip angle is the angle by which longitudinal magnetization 
vector is rotated away from Z-axis by a RF pulse (Schild, 1990)).  The XL Torso coil 
was used for this scan.  The bandwidth was reduced to ensure the maximum signal-
to-noise ratio for the field of view to be encompassed.  Reducing the receive 
bandwidth results in less noise being sampled as a proportion of signal, which in 
turn increases the SNR.  Halving the receive bandwidth increases the SNR by about 
40%.  This resulted in an acquisition time of 15 minutes with a FOV of up to ten 
vertebrae in a maximum volume of 250 x 250 x 95 mm (512 x 512 pixels x 190 
image slices) in the coronal plane. 
6.2.3.5 Patient and Coil Positioning 
Recruited patients were required to lie in the supine position with their arms relaxed 
along the side of the body.  The XL Torso coil was always positioned underneath 
the patient’s chin, corresponding to the lower cervical spine.  Figure 6-7 shows a 
patient wearing the 3T XL Torso coil for the study. 
 
Figure 6-7: Coil positioning for MRI study. 
 
Chin rest 
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6.3 Results 
The final protocol included a 3D scout coronal image of the whole spine with an 
acquisition time of 5 mins, and a high resolution 3D coronal scan of the major curve.  
The parameters for the final scout protocol T1-weighted 2D Gradient Echo sequence 
were: TR = 6.9 ms, TE = 4.6 ms, flip angle = 20° with an acquisition time of 5 mins.  
The parameters for the major curve T1-weighted 3D Gradient Echo sequence 
sequence were TR = 5.9 ms, TE = 2.7 ms, flip angle = 5° with an acquisition time of 
15 mins.  The voxel size of each 3D major curve scan was 0.5 x 0.5 x 0.5 mm 
allowing anatomical changes at the sub-millimetre level to be examined.  The final 
protocol images for a patient can be seen in Figure 6-8.  Note that TR and TE are 
repetition time and echo time respectively. 
 
 
Figure 6-8: Final MRI protocol of scoliosis patients using 2D scout image of whole 
spine (left) and T1-weighted 3D gradient Echo sequence of major curve (right) with 
voxel dimensions of 0.5 x 0.5 x 0.5 mm. 
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Chapter 7 : Coronal Plane Growth and Progression in 
Scoliotic Discs and Vertebrae using Sequential MRI 
This chapter assesses the vertebral and disc deformation of the anterior scoliotic 
spine at successive time points during the adolescent growth phase.  As mentioned 
in Chapter 2, several prior studies have suggested that there is a relationship 
between vertebral wedging and spinal growth in scoliosis, and that wedging initiates 
firstly in the discs and later in the vertebrae (Will et al., 2009).  Vertebral wedging 
and scoliosis progression has been reported in both mild and moderate curves with 
wedging increasing in the three levels inferior to the curve apex compared with the 
rest of the spine (Scherrer et al., 2013).  In those patients who do progress, it is in 
fact unclear how the increasing deformity is distributed between the vertebrae and 
intervertebral discs.  For this reason, the aims of this chapter were to measure the 
individual contributions to the deformity of the vertebrae and discs in the growing 
scoliotic spine and investigate whether the theory of deformity occurring first in the 
discs was true for a series of AIS patients.  In order to relate the individual 
measures of the vertebrae and discs to the clinical Cobb angle, this study looked at 
the wedging and height changes of the vertebrae and discs only in the coronal 
plane. 
7.1 Methodology 
The mid coronal plane of each vertebra and disc were selected from the 3D MRI 
data, using the Z-project function in ImageJ (refer back to Chapter 3 for an 
explanation of Z-project function).  The Z-project function combines the pixel value 
in each slice to generate a single image.  There are six different projection types 
that can be used to analyse the stack but this is discussed later in this chapter. 
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7.1.1 Ethical Considerations 
As this study involves human participation, ethical clearance was required.  Ethical 
clearance was sought and approved by the Mater Health Human Research Ethics 
Committee (1898C) on May 15th 2012 and Queensland University of Technology 
Research Ethics Committee (1200000281) on June 7th 2012.  Mater Governance 
was also approved on July 17th 2012.  Ethics and Governance documentation for 
the sequential MRI study can be found in Appendix D. 
7.1.2 Patient Recruitment 
Suitable patients who were included in the study were identified as those who had 
been diagnosed with AIS, aged 10 - 16 years old.  Patients could be braced or 
unbraced but never have received operative treatment.  Initially it was estimated 
that one or two patients a week would be recruited through the spinal clinic at the 
Mater Hospital, Brisbane.  This would have given a cohort of twenty-five patients 
within twenty-five weeks. 
As the study focused on progression during the adolescent growth phase, only 
patients who were Risser grade 0, 1 or 2/3 were included, to ensure there was still 
remaining growth until skeletal maturity.  Leg length differences of up to 1 cm were 
considered acceptable.  In addition, patients were required to meet all MRI safety 
criteria and not be claustrophobic.  Written consent was obtained from both the 
parent and patient prior to their MRI taking place.   
7.1.3 Image Analysis 
The anterior and posterior edges of each vertebral body (VB) were selected in the 
same fashion as for the CT scans in Chapter 3 as the start and stop slices within the 
stack for the z-projection for the major curve (as demonstrated in Figure 7-1).   
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Note that for this study the Z-project type ‘SUM slices’ was used instead of 
‘Standard deviation’ (used in Chapter 3 and 4) to give the clearest visualisation of 
the vertebral endplates (found by trial and error).  The SUM slices projection simply 
calculates the sum of the pixel values at (0,0) top left corner of the image in each 
slice and uses the result as the value of pixel (0,0) on the new image and so on. 
 
Figure 7-1: Example of a coronal plane reconstruction from individual MRI slices, 
using the Z-project (sum slices) function in ImageJ.  The anterior and posterior edges 
of each vertebral body were selected as the start and end slices within the stack. 
Figure 7-2 shows three of the alternative projection types that can be used when 
using the Z-project function and also highlights why the SUM slices projection type, 
shown in Figure 7-1 (above) was the most suitable for this study. 
 
Figure 7-2: Examples from the same patient scan of the different projection types that 
can be used, using the Z-project function in ImageJ.  Where, Maximum Intensity 
projection uses the highest pixel value in the whole stack for each point in the stack; 
Minimum Intensity is the lowest pixel value in the whole stack for each point in the 
stack and Standard Deviation projection uses the standard deviations of the pixel 
values in each slice within the stack. 
 
         Start Slice           End Slice        New Image 
Maximum Intensity          Minimum Intensity            Standard Deviation 
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7.1.3.1 Selecting Endplate Data Points 
The next step was to define the inferior and superior endplates for each vertebra in 
the major curve from the coronal plane reconstructed image.  The ‘multi-point’ tool 
in ImageJ was used to manually select three to four points along each vertebral 
endplate (from the convex to concave side of the major scoliotic curve) to capture 
the profile of each endplate (Figure 7-3).  This had to be done manually as the 
endplates were curved and this curvature differed from level to level.  The coronal 
plane image co-ordinates of each data point of all the vertebral levels in the major 
curve were then exported to Excel for analysis.   
 
Figure 7-3: Z-project of major coronal curve showing selected (convex to concave) 
datapoints manually selected along the superior and inferior endplates.  Red circle 
illustrates the endplate irregularity where the disc space is narrowed towards the 
edges of the disc. 
 
7.1.3.2 Calculating Vertebral and IVD wedging 
In order to calculate the coronal plane wedge angle between pairs of adjacent 
endplates (either encapsulating an intervertebral disc or a vertebral body), the 
LINEST function in Excel was used to calculate a straight line of best fit (least 
squares method) through the data points of each endplate.   
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The slope of the line of best fit was used to determine the angle.  Figure 7-4 shows 
an example of an inferior and superior endplate with eight marked data points.  The 
two green lines represent the calculated lines of best fit to the upper and lower 
endplates of the disc respectively.  This provided the coronal plane tilt of the two 
endplates, the difference between which could be used to measure the coronal 
plane wedge angle in the vertebrae and discs (IVD wedging is shown in Figure 7-4). 
 
Figure 7-4: Inferior and superior endplates of the two vertebrae on either side of a 
disc, with marked data points (numbered 1-8) along the endplate curvature.  Green 
line represents the line of best fit, calculated by the LINEST function in Excel. 
 
The wedge angle for the IVD could be found by subtracting the angle of the superior 
endplate of one vertebra from the inferior endplate of the adjacent superior vertebra.  
The wedging in the vertebrae could be found by subtracting the angle of the inferior 
endplate from that of the superior endplate of that vertebra.  Individual levels were 
assessed to observe whether any patterns could be seen across the patient series.   
Summing the individual contributions of all the IVDs and VBs in a particular scoliotic 
curve gave the total percentage of wedging in vertebrae and discs in the major 
curve.  Coronal plane wedging results were also expressed by dividing the major 
scoliotic curve into two regions: above the apex (AA) and below the apex (BA), in 
order to assess whether more wedging occurred above or below the apical vertebra.   
R L 
α 
Chapter 7: Growth and Progression in Discs and Vertebrae - Sequential MRI      Page 137 
 
 
 
 
 
 
 
 
 
 
Total  
Cobb Angle 
AA 
BA 
APEX 
T6 
T7 
T8 
T9 
T10 
T11 
T12 
L1 
(a) 
(a) (b) (c) 
This was achieved by the following Equations,  
 
𝐴𝑏𝑜𝑣𝑒 𝐴𝑝𝑒𝑥 (𝐴𝐴) =  
∑  (𝑉𝑒𝑟𝑡𝑒𝑏𝑟𝑎 𝑎𝑛𝑑 𝑑𝑖𝑠𝑐𝑠 𝐴𝐴)+(0.5×𝐴𝑝𝑒𝑥)
𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑏𝑏 𝑎𝑛𝑔𝑙𝑒 (𝑑𝑒𝑔𝑟𝑒𝑒𝑠)
,         (Equation 7-3) 
 
𝐵𝑒𝑙𝑜𝑤 𝐴𝑝𝑒𝑥 (𝐵𝐴) =  
∑  (𝑉𝑒𝑟𝑡𝑒𝑏𝑟𝑎 𝑎𝑛𝑑 𝑑𝑖𝑠𝑐𝑠 𝐵𝐴)+(0.5×𝐴𝑝𝑒𝑥)
𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑏𝑏 𝑎𝑛𝑔𝑙𝑒 (𝑑𝑒𝑔𝑟𝑒𝑒𝑠)
,        (Equation 7-4) 
 
in which the wedging in the apical vertebra or disc is shared equally between AA 
and BA. 
Figure 7-5 illustrates the division of the coronal curve that was used to determine 
the wedging that was occurring at various levels.   
 
Figure 7-5: The three levels of assessment for the major curve.  (a) Individual VB in 
the major curve (b) The percentage of Cobb angle above apex (AA) and below the 
apex (BA) and (c) the overall Cobb angle. 
 
Vertebral body and disc wedge measurements were performed as just described for 
every level within the major curve of each of the patients in the study, at each scan 
time point.  A detailed step by step process for this method is given in Appendix F. 
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7.1.3.3 Calculating Vertebral Heights 
In order to link the deformity with growth, the spinal height of the overall major 
curve, along with individual VB and IVD heights, was measured to investigate 
whether progressive wedging occurred with an increase in spinal height. 
The same data points that were selected in 7.1.1 were also used to determine the 
vertebrae and disc heights.  Each endplate was found to have either a convex or 
concave curve at each level and differed per patient (Figure 7-6). 
 
Figure 7-6: Differences observed between endplate curvature for three patients in 
current study.  
To account for this endplate curvature, a quadratic relationship was found for the 
endplate data points to capture the true height of the vertebrae and discs in a 
relatively simple manner.  The LINEST function in Excel was used to find the 
coefficients (a,b,c), 
𝑎 = 𝐼𝑁𝐷𝐸𝑋 (𝐿𝐼𝑁𝐸𝑆𝑇 (𝑘𝑛𝑜𝑤𝑛_𝑦′𝑠, 𝑘𝑛𝑜𝑤𝑛_𝑥′𝑠{1,2}, 1),             (Equation 7-5) 
𝑏 = 𝐼𝑁𝐷𝐸𝑋 (𝐿𝐼𝑁𝐸𝑆𝑇 (𝑘𝑛𝑜𝑤𝑛_𝑦′𝑠, 𝑘𝑛𝑜𝑤𝑛_𝑥′𝑠{1,2}, 2), 
𝑐 = 𝐼𝑁𝐷𝐸𝑋 (𝐿𝐼𝑁𝐸𝑆𝑇 (𝑘𝑛𝑜𝑤𝑛_𝑦′𝑠, 𝑘𝑛𝑜𝑤𝑛_𝑥′𝑠{1,2} 3), 
 
of the quadratic Equation, 
𝑦 = 𝑎𝑥2 + 𝑏𝑥 + 𝑐.                (Equation 7-6) 
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The midpoints of the endplates were also calculated using the quadratic Equation.  
The quadratic solutions were considered sufficient with a mean R2 value of 0.98 
(ranging from 0.64 – 1.00).  A detailed methodology for calculating the mid-height 
from the quadratic curves can be found in Appendix F. 
Heights for both the vertebrae and discs were measured at the edges and mid-
points.  The process was repeated for each patient’s scan such that the convex 
(right) concave (left) and mid-height was found for each VB and IVD in the major 
curve.  In the same manner as for the wedging, the relative contributions of the 
discs and vertebrae in the major curve were found.   
7.1.4 Clinical Measures and Data Collection 
Standing coronal Cobb angle and Risser Grade were assessed on each patient’s 
standing radiograph, at routine spine clinic appointments.  Standing height, rib hump 
and menarche status were recorded from the patient’s spine clinic chart, usually 
within a month of the MRI scan.  Spine clinic appointments also provided 
information on whether the patient would be braced or observed.   
7.1.5 Clinical and Demographic Factors Potentially Affecting the Risk of 
Progression 
An assessment was made to see whether any clinical and demographic factors 
were affecting curve progression.  The following patient characteristics were 
compared with the major Cobb angle or Cobb change: 
 Bracing 
 High initial Cobb 
 Risser 
 Age 
 Menarche 
It was hypothesized that those patients with high initial Cobb angles who are not 
braced and with low Risser were more likely to progress. 
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7.2 Results 
7.2.1 Patient Demographics 
Whilst it was initially planned to have a group of 25 patients, recruitment through the 
spine clinic was less than expected and only 21 patients were recruited.  The 
demographics for these 21 female AIS patients can be seen in Table 7-1.  The 
mean age of the group was 12.9 years (SD 1.5 years) and all curves (with the 
exception of one, Patient 8 who presented with a Lenke 5C curve) were right-sided 
major thoracic Lenke Type 1, with 11 patients classified as lumbar spine modifier A, 
5 as lumbar modifier B and 4 as lumbar modifier C.  The mean standing coronal 
Cobb angle at initial presentation was 31.3° (SD 12.5°) with mean rib hump of 10.0° 
(SD 4.6°).   
 
No patients in the study had a leg length discrepancy more than 1 cm.  Risser 
grades at the start of the first scan ranged from 0-4, with thirteen patients classified 
Risser 0, four as Risser 1, three as Risser 2, none as Risser 3 and one Risser 4 
(initially thought to be Risser 2 but upon further clinical examination she was re-
classified as Risser 4 but retained in the study).  Patient ID numbers identified with 
the letter ‘B’ in Table 7-1 below indicate patients who were already wearing a brace 
at the initial scan.  Eleven (52%) out of 21 patients were braced at the time of the 
first scan, with only one patient (Patient 6) receiving brace treatment for the first 
time between scan 1 and scan 2.   
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Table 7-1:  Patient Demographics for each patient in sequential MRI study (n=21) with mean data shaded in grey.  Age, weight, major curve levels 
and menarche were recorded at the time of the patients’ first MRI scan.  Standing coronal Cobb and Risser Grade were assessed on each patient’s 
first clinical standing radiograph.  Standing height and rib hump was also recorded from the patient’s spine clinic chart.  Note ‘B’ in the Patient ID 
column indicates that the patient was braced prior to the first scan. 
 
Pt ID 
Age 
(yrs) 
Height (cm) 
Cobb XR 
(°) 
Rib Hump 
(°) 
Risser 
Grade 
(0-5) 
Lenke 
Type 
Menarche 
(age) 
Major Curve 
1 14.2 162.7 66 22 2 1C 13.1 T5-L1 
2B 16.0 162.4 30 11 0 1A Pre-menarchal T5-T12 
3B 11.3 148.5 40 13 0 1A Pre-menarchal T5-T12 
4 12.9 163.0 34 10 4 1B 12.7 T5-T11 
5B 13.9 164.5 21 15 1 1A 12.7 T6-L1 
6 11.9 151.3 29 6 1 1A 11.6 T4-T12 
7 12.1 131.0 17 12 0 1A Pre-menarchal T7-L1 
8B 13.7 154.6 27 3 1 5C 13.5 T11-L3 
9B 13.0 155.3 18 14 0 1A Pre-menarchal T5-T12 
10 14.4 168.3 52 15 2 1B 14.0 T5-T12 
11B 14.3 170.3 30 7 0 1C Pre-menarchal T5-T11 
12 14.6 153.0 35 10 2 1B 13.8 T5-T12 
13B 11.6 152.0 43 13 0 1B Pre-menarchal T4-T12 
14B 13.9 163.3 38 9 1 1A 13.9 T5-T11 
15B 11.2 136.3 26 5 0 1A Pre-menarchal T6-T11 
16B 12.4 156.0 30 11 0 1C Pre-menarchal T5-T11 
17B 12.9 145.2 39 8 0 1C Pre-menarchal T4-T10 
18 14.0 150.0 38 10 0 1A Pre-menarchal T6-T11 
19 10.6 133.6 12 5 0 1A Pre-menarchal T6-T11 
20 9.9 134.5 17 4 0 1A Pre-menarchal T5-T12 
21 12.4 144.0 24 6 0 1B Pre-menarchal T6-T11 
Mean 12.9 152.3 31 10 1 1A - - 
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7.2.2 Sequential MRI Results 
To avoid confusion in the presentation of results, the term Interval refers to the time 
period between any two MRI scans for a particular patient.  e.g. Three MRI scans 
were performed on patient 1, therefore there are three possible intervals: between 
scan 1 and scan 2 (1-2), between scan 2 and scan 3  (2-3) and between scan 1 to 
scan 3 (1-3).  Table 7-2 shows the scan dates and time intervals between each 
scan for the entire patient cohort.  As for the previous Table, note that ‘B’ next to the 
patient ID number indicates that the patient was braced prior to the initial scan.  ‘X’ 
indicates that the patient failed to attend more than three of their allocated 
appointments and consequently were withdrawn from the study due to lack of 
compliance. 
There were slight time delays between a patient’s clinical appointment (where 
radiographic parameters were measured) and the MRI scan due to the availability of 
the scanner.  The mean time interval between the standing plain radiograph (which 
was sometimes taken after the relevant MRI scan) and the supine MRI scan 1 was 
0.12 (SD 1.7) years, MRI scan 2 was 0.005 (SD 0.1) years, MRI scan 3 was 0.04 
(SD 0.2) years and for MRI scan 4, -0.01 (SD 0.12) years.   
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Table 7-2: Individual patient scan dates with the elapsed time interval indicated between scans.  X denotes that a patient failed to attend more than 
3 appointments and was withdrawn from the study due to lack of compliance (patients are shaded in grey). 
 
Pt ID Scan 1 Interval 1-2 (yrs) Scan 2 
Interval 2-3 
(yrs) 
Scan 3 
Interval 3-4 
(yrs) 
Scan 4 Number of scans 
1 24/11/2012 0.26 26/02/2013 0.21 14/05/2013  Surgery 3 
2B 24/11/2012 0.50 25/05/2013 0.75 22/02/2014  X 3 
3B 24/11/2012 0.54 08/06/2013 0.73 03/03/2014  Surgery 3 
4 12/12/2012 0.25 12/03/2013 0.50 09/09/2013  X 3 
5B 17/12/2012 0.25 18/03/2013 0.50 18/09/2013  X 3 
6 23/03/2013 0.40 17/08/2013 0.48 08/02/2014 0.76 12/11/2014 4 
7 23/02/2013 X X X X X X 1 
8B 23/02/2013 0.23 17/05/2013 0.52 22/11/2013  X 3 
9B 01/03/2013 0.28 11/06/2013 0.66 08/02/2014 0.65 04/10/2014 4 
10 15/03/2013 0.35 19/07/2013 X Surgery  Surgery 2 
11B 26/07/2013 0.56 14/02/2014 0.54 29/08/2014   3 
12 23/05/2013 0.27 31/08/2013 0.53 14/03/2014   3 
13B 08/06/2013 0.50 07/12/2013 0.33 08/04/2014  Surgery 3 
14B 22/07/2013 0.49 18/01/2014 0.53 29/07/2014   3 
15B 15/11/2013 0.88 04/10/2014 1.00 04/10/2015   2 
16B 20/09/2013 X X X X X X 1 
17B 01/11/2013 1.01 06/11/2014 1.00 06/11/2015   2 
18 08/10/2013 X X X X X X 1 
19 13/11/2013 0.47 05/05/2014 1.00 05/05/2015   2 
20 23/11/2013 0.54 07/06/2014 1.00 07/06/2015   2 
21 15/02/2014 0.63 04/10/2014 1.00 04/10/2015   2 
Mean - 0.47 - 0.69 - 0.71 - 2.5 
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Three patients were removed from the study due to non-attendance at subsequent 
scan appointments.  Of the remaining 18 patients, six received 2 scans, ten 
received 3 scans and two received 4 scans, therefore there were a total of 50 
intervals between scans in the study (from scan 1-2 (n = 18), from scan 2-3 (n = 13), 
from scan 1-3 (n = 13), from scan 2-4 (n = 2), from scan 3-4 (n = 2) and from scan 1-4 
(n = 2)).  However, it was decided that only 47 intervals would be analysed (17 
patients) as the lumbar curve of Patient 8 developed into the major structural curve 
and she was no longer classified as having a right-sided major curve.  Figure 7-7 
shows the major thoracic supine Cobb angles (in the coronal plane) of each patient 
in the study (n = 17), where the markers indicate a particular scan and the lines 
represent an increase or decrease in Cobb angle between scans. 
 
 
Figure 7-7: A line graph of the total coronal Cobb angle for all 17 patients in the study, 
with markers indicating a particular scan, joined by lines which represent an increase 
or decrease in Cobb angle over the total time taken for either two, three or four scans. 
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For the purposes of assessing patterns of progression, the patient group was then 
divided into two categories, those who progressed during the study time period and 
those who didn’t.  Progression was defined as ‘any patient who progressed ≥ 5° 
over a given interval’.   
For example: if a patient had a major Cobb angle of 30° at scan 1, 34° at scan 2 and 
40° at scan 3 then their curve was seen to progress over intervals 2-3 and 1-3.  
Therefore this patient would have been categorised in the ‘Progressed’ group.  
Table 7-3 shows the Cobb progression (of 5° or more) that occurred over a given 
interval for each patient in the study.  Overall, 11 of the 17 patients progressed, and 
progression of more than 5˚occurred in 20 of the 47 intervals in the study.   
Table 7-3: Cobb angle changes (in degrees) over sequential intervals (1-2, 2-3, 1-3, 2-
4, 3-4 and 1-4) for each patient in the study, where progression was considered to be 
more than 5° (shaded grey).  Note that patients 7, 8, 16 and 18 were withdrawn from 
the study and have been omitted from the table.  B denotes the patient is braced. 
 
 
Patient 
ID 
Interval  
1-2 
Interval 
2-3 
Interval 
1-3 
Interval 
2-4 
Interval 
3-4 
Interval 
1-4 
Progressed 
Yes/No 
1 +6 -2 +4 - - - Yes 
2B +5 +3 +8 - - - Yes 
3B 0 +31 +31 - - - Yes 
4 +8 -4 +4 - - - Yes 
5B +1 +5 +6 - -  Yes 
6* -2 +5 +4 +4 +4 +8 Yes 
9B +12 +3 +15 +17 +14 +28 Yes 
10 +4 - - - - - No 
11B +5 +2 +7 - - - Yes 
12 -1 +3 +2 - - - No 
13B +2 +4 +6 - - - Yes 
14B -4 -2 -6 - - - No 
15B -4 - - - -  No 
17B +3 - - - - - No 
19 +6 - - - - - Yes 
20 +5 - - - - - Yes 
21 +2 - - - - - No 
 
*Patient received brace treatment during interval 1-2 
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Figure 7-8 shows a scatter plot of interval length vs Cobb change over the interval, 
separated into two series; patients who progressed according to the previous 
definition, and those who did not.  The R-squared value for the progressed group 
was 0.4 and R2 = 0.04 for the non-progressed group. 
 
 
Figure 7-8: Scatter plot of Cobb change versus length of interval, where blue markers 
indicate where progression (Cobb ≥5°) occurred over an interval and red markers 
indicate where no progression occurred. 
 
 
7.2.3 Level-by-level anatomical deformity changes 
7.2.3.1 Intra-observer variability 
Intra-observer variability for the individual endplate tilt angle (α) was assessed by 
the same observer using Equation 7-1,  
Δα=|αn−αn+1|,                  (Equation 7-1) 
 
Where, n and n+1 are successive measurements.  The mean signed intra-observer 
difference was -0.1°, which is not significantly different from zero and suggests that 
no order bias existed between the first and second Cobb angle (wedging) 
measurements.   
Progressed=No 
Progressed=Yes 
Linear 
(Progressed=No) 
Linear 
(Progressed=yes) 
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Mean absolute (unsigned) intra-observer difference was 2.5°, the standard deviation 
(SD) of the difference was 2.0° and the 95% limits of agreement (1.96 x SD) was ± 
3.9°.  The mean absolute (unsigned) intra-observer variability for the height 
measurements was 1.03 mm (SD 1.37 mm), and the 95 % limits of agreement was 
2.7 mm.   
7.2.3.2 Results- Level-by-level anatomical deformity changes 
The data for each individual are shown graphically in Appendix E.  By inspection, it 
was clear that there is no overall pattern of vertebral and disc wedging and height 
changes.  Comparison between groups for those who progressed or not and those 
who were braced or not confirmed this, however, once divided into these groups the 
numbers in each group were small.  The contribution of the wedging of each 
vertebra and disc in the major curve for each patient in the study is shown in Figure 
7-9.   
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Figure 7-9: Percentage contributions of wedging in vertebrae (top graph) and discs (bottom graph) to Major Cobb angle of the individual patients.  
Note that a negative percentage indicates a reversed wedging.  For example Pt 20 had a Cobb angle of 10° with 20° contribution from the VB and -
10° from the IVDs. 
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Three case studies are presented to demonstrate changes that were seen and 
differences between changes to individual level wedging and heights. 
7.2.3.3 MRI Case Studies 
The following case studies discuss the level-by-level vertebrae and disc wedging 
that occurs in terms of either ‘positive’ or ‘negative/reverse’ wedging. Negative 
wedging refers to the disc or vertebra that is wedged in the opposite direction to the 
major curve i.e. to the concave side. 
Case Study 1 - Patient 3B whose deformity progressed 
Patient 3B is of interest due to the high degree of Cobb progression over interval 2-
3 (Cobb 29 - 60°).  When considering the location of the deformity in patient 3, we 
see that at the first scan, 96% of the wedging occurs in the discs, reducing to only 
17% wedging at scan 2 and then increasing again to 66% at scan 3 (Figure 7-9).  
Furthermore, if we look at the individual level contributions for this patient in the 
major curve (in Figure 7-10), we see that there are large changes (outside the 95% 
intra-observer variability limits of agreement of 3.9°) at T4, T4/5, T5, T6/7, T7/8, 
T8/9 and T12/L1 and L1.  It is interesting that these changes mostly occur above the 
apical level, T9 (marked with an asterisk). 
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Figure 7-10: Coronal disc and vertebrae wedging occurring at each scan in the 
thoracic in the major curve of Patient 3. 
 
Taking a look at the overall mid-height measurements of Patient 3 (Figure 7-11), it 
can be seen that the patient only grew 2 mm between scan 1-2 but increased by 13 
mm between scan 2-3 which is where her progression occurred.  This data 
corresponds with her supine Cobb angle measures of 29° between scan 1-2, 
increasing to 60° between scan 2-3.  Refer to Section 7.1.3.3 for details of how the 
vertebrae and disc heights were calculated.  
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(a) 
(b) 
 
Figure 7-11: Mid-height endplate measurements for Patient 3, showing both vertebral 
and disc heights for the 3 scans: (a) vertical bars showing contributions to total 
height; (b) vertebral and disc heights for each individual level. Asterix indicates apical 
level. 
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The 95% intra-observer variability limits of agreement for the height measurements 
was 2.7 mm; therefore T5, T9 and T11 height increases were considered ‘real’ 
changes.  Linking deformity progression with height at individual levels and knowing 
that the T4, T4/5, T5, T6,7, T7/8, T8/9, T12/L1 and L1 levels demonstrated coronal 
wedging, we can see that whilst progression occurred with growth, this did not 
necessarily occur at the same levels.   
For example, the wedging at the apex, T9, was 6.4° at scan 1, decreasing to 5° at 
scan 2 and 3.9° at scan 3.  The mid-height of T9 was 14.6 mm at scan 1 increasing 
to 15.3 at scan 2 and 15.3 mm at scan 3. 
Case Study 2 - Patient 6 whose deformity progressed 
Patient 6 also progressed over the interval 2-3 but with a smaller Cobb change from 
24 - 29°.  When considering the location of the deformity in patient 6, we see that at 
the first scan, 10% of the wedging occurs in the discs, with reverse (negative) disc 
wedging of 18% at scan 2 increasing to a positive disc wedging of 34% at scan 3 
and 29% at scan 4.  Furthermore, if we look at the individual level contributions for 
this patient in the major curve (in Figure 7-12), we see that there are large changes 
at T5, T6, T7 and T7/8, indicating that for this patient the wedging is mainly in the 
vertebrae.  Similarly to Patient 3, these changes mostly occur above the apical 
level, T8. 
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Figure 7-12: Coronal disc and vertebrae wedging occurring at each scan in the 
thoracic major curve of Patient 6. 
 
The overall mid-height measurements of Patient 6 (Figure 7-13), show that the 
patient only grew 2 mm between scan 1-2 increasing by 5 mm between scan 2-3 
and 2.3 mm between scan 3-4.  The increased height over interval 2-3 corresponds 
with the patient’s supine Cobb angle measures of 24° between scan 1-2, increasing 
to 29° between scan 2-3. 
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 (a) 
 (b) 
Figure 7-13: Mid-height endplate measurements for Patient 6, showing both vertebral 
and disc heights for the 3 scans: (a) vertical bars showing contributions to total 
height; (b) vertebral and disc heights for each individual level. 
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Case Study 3 - Patient 9 whose deformity progressed  
Interestingly, Patient 9 progressed over two intervals 1-2 and 3-4, with Cobb 
changes of 12° and 13° respectively.  When considering the location of the 
deformity in patient 9, we see that at the first scan, 27% of the wedging occurs in 
the discs, increasing to 49% at scan 2, before reducing to 28% at scan 3 and 24% 
at scan 4.  Furthermore, if we look at the individual level contributions for this patient 
in the major curve (in Figure 7-14), we see that there are large changes at T5, T5/6, 
T6/7 and T9 with large wedging occurring in both the vertebrae and the discs.  
Similarly to Patient 3 and 6, these changes mostly occur above the apical level, T8. 
 
Figure 7-14: Coronal disc and vertebrae wedging occurring at each scan in the 
thoracic major curve of Patient 9. 
The overall mid-height measurements of Patient 9 (Figure 7-15), show that the 
patient grew significantly between scan 1-2 with an increase of 9 mm, remaining 
stable between scan 2-3 before increasing by 5mm between scan 3-4.   
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The increased height over interval 1-2 and 3-4 corresponds with the patient’s supine 
Cobb angle measures of 21 - 33° between scan 1-2, and 36 - 49° between scan 3-
4.  Although it is interesting to note that the rate of progression was greater between 
scan 1-2 where the interval was 0.28 years, as opposed to 0.65 years between scan 
3-4. 
 (a) 
 
 
 (b) 
 
Figure 7-15: Mid-height endplate measurements for Patient 9, showing both 
vertebral and disc heights for the 3 scans: (a) vertical bars showing contributions to 
total height; (b) vertebral and disc heights for each individual level. 
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7.2.4 What are the clinical and demographic factors potentially affecting 
progression?  
As mentioned in Section 7.1.5 it was hypothesised that progression would be 
related to demographic factors.  The cohort was divided in to those who progressed 
or not and those who were braced or not, however, once divided into these groups 
the numbers in each group were small (as demonstrated in Table 7-4).  It is clear 
from the table that the mean values for each group were similar and the numbers 
are too small for statistical analysis to be performed.  With a larger cohort, the data 
might cluster into their respective groups (i.e. Progressed – Braced and Unbraced 
and No Progression - Braced and Unbraced); hence a cluster analysis could be 
performed in the future with larger patient numbers.  As mentioned in Chapter 2, 
female patients with a Cobb angle of ≥ 30° and low Risser signs are considered to 
be at high-risk of progression.  However it is clear that for this study that there is no 
obvious relationship between initial Cobb angle, Risser sign and curve progression.   
Table 7-4: Division of patient cohort into those who progressed and those who did 
not, and those who were braced (B) or not. ‘Pre-men’ indicates pre-menarchal. 
 
 
Progressed – Braced                                      Progressed - Unbraced 
 
 
Pt 
Age 
(yrs) 
Risser 
(0-5) 
Cobb 
XR 
(°) 
Menarche 
Age (yrs) 
 
Pt 
Age 
(yrs) 
Risser 
(0-5) 
Cobb 
XR 
(°) 
Menarche 
Age (yrs) 
3B 11.3 0 40 Pre-men 20 9.9 0 17 Pre-men 
9B 13.0 0 18 Pre-men 19 10.6 0 12 Pre-men 
13B 11.6 0 43 Pre-men 6* 11.9 1 29 11.6 
5B 13.9 1 21 12.7 4 12.9 4 34 12.7 
11B 14.3 0 30 Pre-men 1 14.2 2 66 13.1 
2B 16.0 0 30 Pre-men - - - - - 
Mean 13.4 0 30 - Mean 11.9 1 32 - 
                                                                                                    *Pt received brace treatment after first MRI 
 
NO Progression – Braced                               NO Progression - Unbraced 
 
 
Pt 
Age 
(yrs) 
Risser 
(0-5) 
Cobb 
XR 
(°) 
Menarche 
Age (yrs)  
 
Pt 
Age 
(yrs) 
Risser 
(0-5) 
Cobb 
XR 
(°) 
Menarche 
Age (yrs)  
15B 11.2 0 26 Pre-men 21 12.4 0 24 Pre-men 
17B 12.9 0 39 Pre-men 10 14.4 2 52 14.0 
14B 13.9 1 38 13.9 12 14.6 2 35 13.8 
Mean 12.7 0 34 -  Mean 13.8 1 37 - 
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7.3 Discussion 
The aims of this chapter were to measure the individual contributions of the 
vertebrae and discs in the growing scoliotic spine to investigate coronal plane 
deformity progression with growth, and whether the theory of progression initiating 
in the discs was true for a series of AIS patients, with right-sided curves.   
The sequential MRI results have demonstrated that there is no consistent pattern 
between those who progress and those who do not progress, and that there is no 
clear progression pattern between those who were braced during the observation 
intervals and those who remained unbraced.  Some patients were seen to progress 
during growth and others despite growing did not progress.  Any wedge angle or 
height change greater than the intra-observer measurement error (3.9° and 2.7mm 
respectively) was considered a ‘real’ change (i.e. the vertebra or disc became more 
wedged).  This variability was patient specific and was seen at different levels for 
different scans for each patient in the study.  With regard to the theory of 
deformation of the discs preceding that of the vertebrae, for this study of patients 
already presenting at the spine clinic, there is no evidence that increasing deformity 
occurs first in the discs or the vertebrae.  In fact, data from this study shows that it is 
very variable between individuals. 
The vertebral levels that became increasingly deformed between the first two scans 
in the series did not necessarily progress between the second and third scans, 
suggesting that the distribution of deformity in the scoliotic spine changes with 
growth (e.g. coronal plane wedging might occur across levels T4-T8 between scan 
1-2 but then shift to levels T3-T6 between scans 2-3).  Furthermore, the three case 
studies have shown that progression occurs at varying rates for each individual.  
Wedging was typically higher above the apex of the curve with reverse wedging 
often occurring at the limits of the major curve.   
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To date, the author is aware of only one paper in the literature that presents data 
showing reversal of vertebra or disc wedge angles over time.  However, although 
presented in a Table, the authors make no comment on these reversals (Stokes and 
Aronsson, 2001). 
When comparing the present study with prior literature investigating Risser grade 
and curve progression, it was seen that for the ten progressed patients in the study, 
30% had Cobb angle measures of 5 - 19°, 20% with Cobb angles of 20 - 29° and 
30% with Cobb angles greater than 30° for Risser grades 0 or 1 (Table 7-5).  Small 
curves measuring between 5 - 19° were close to those reported by Lonstein however 
no obvious relationships can be determined due to the small numbers in the present 
study (Lonstein and Carlson, 1984). 
Table 7-5: Comparison between prior literature and present study, showing the 
percentage of patients who progressed with their corresponding Risser sign and 
Cobb angle.  Note: It is unclear why the study by Lonstein and Carlson (1984) reports 
percent values that add to 115%. 
 
 
Risser 
Sign 
Percentage of Curves that Progressed 
Lonstein Study (N=727) Present Study (N=11) 
5-19°
  
Cobb angle 
curves (%) 
20-29°
 
 
Cobb angle 
curves
 
(%) 
5-19°
  
Cobb angle 
curves (%) 
20-29°
  
Cobb angle 
curves
 
(%) 
>30° 
Cobb angle 
curves (%) 
0-1 22 68 30 20 30 
2, 3 or 4 1.6 23 0 0 20 
 
For direct comparison with clinical measures, the methods undertaken in this 
Chapter have studied the individual vertebrae and disc Cobb angles (and heights) in 
only one plane.  We acknowledge that this is a limitation of the study and that by 
definition the plane of maximum curvature is the vertical plane that shows the least 
spinal curvature by a specific method (e.g., Cobb) when the specified part of the 
spine is projected on to it (SRS, 2012).  
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Further investigation exploring the sagittal and transverse plane deformity will 
enable the plane of maximum curvature to be found.  In addition, the MRI scans 
only included the structural major curve as this was the focus of the study.  It would 
also be interesting to investigate the wedging in the upper and lower junctions of the 
curve but this was beyond the scope of the study. 
The time interval between MRI scans varied for each patient and was decided 
according to the patients’ clinical factors (age, menarche, height, Risser, Cobb 
angle) at the Hospital Spine Clinic.  We know from growth velocity charts in existing 
literature (refer to Figure 2-19), that female patients who are skeletally immature 
(Risser 0) and 11 years of age will grow approximately 10 cm before the age of 13.  
Following this stage, the amount of remaining growth will reduce over 2.5 years until 
the patient reaches skeletal maturity at Risser 5.  In addition, it is known that Cobb 
angles greater than 30° are at high risk of progression.  Time intervals were 
therefore different for every patient in the study depending on their stage of growth 
and curve severity.  Whilst we acknowledge that the time intervals provide an 
additional variable for comparing patient groups, we believe it is representative of 
the varying growth rates for each individual in the study. 
Nine of the seventeen patients included in the analysis were braced.  Of these nine 
patients, six progressed.  It is unclear at this stage how bracing influences individual 
vertebra and disc wedging.  For example, how is this load distributed? Are the levels 
at which the brace is applying force affected more than the others? A clear 
understanding of the effect of bracing on these patients will enable those for whom 
bracing will be efficacious to be identified but this is for a future study.   
At this stage, the full three dimensional nature of the MRI data has not been 
accessed but future work is planned to assess the patterns of vertebral growth and 
deformity using 3D surface reconstruction of the vertebrae at each scan.  
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7.4 Conclusion 
This study has demonstrated that there is no homogeneous pattern of deformity 
progression between those who progress and those who do not progress for both 
braced and unbraced female AIS patients.   
Whilst individual vertebra and disc changes are not routinely assessed in clinical 
practice, this study has highlighted the need for closer inspection of the clinical 
radiographs where the Cobb angle may be masking important anatomical changes 
at individual spinal levels. 
The next Chapter will focus on the transverse plane deformity and assess whether 
changes in the transverse plane are connected with the changes in the coronal 
plane deformity measured in this chapter. 
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Chapter 8 : Sequential 3D MR Imaging to Investigate 
Torsional (Transverse Plane) Changes in the Growing 
Scoliotic Spine 
Whilst the coronal plane is clinically considered as the primary plane of deformity, it 
is important also to consider the rotational or torsional deformation of the vertebrae 
and discs in the axial plane.  As stated at the beginning of the thesis, scoliosis is 
defined as coronal plane deformity accompanied by axial rotation.  As covered in 
Chapter 2, a significant number of studies have investigated axial rotation in 
scoliosis; with the key findings that the maximum vertebral torsion occurs at the 
apex of the curve, of typically 11° in supine and 13° in standing (Adam et al., 2008, 
Little et al., 2012, Birchall et al., 2005).  For mild and moderate curves, the greatest 
proportion of torsion occurs within the vertebrae, accounting for 45% of the overall 
rotational deformity (Birchall et al., 2005).  The vertebral body torsion increases 
towards the limits of the major curve (Birchall et al., 1997, Adam et al., 2008).  With 
regard to axial rotation and curve progression, it has been reported that an increase 
in coronal wedging results in increased axial rotation (often towards the convexity of 
the curve), which in turn alters the orientation and biomechanical role of the 
vertebrae (Villemure et al., 2001).  However, to the best of the author’s knowledge, 
sequential imaging of torsion in the vertebrae and discs of the growing scoliotic 
spine has not been performed prior to the current study. 
Therefore, this chapter presents a series of transverse plane measurements on the 
sequential MRI scan series presented in the previous chapter.  Of particular interest 
is (i) how overall axial rotation and vertebral and disc torsion change with growth, 
and (ii) whether changes in transverse plane deformity are connected with the 
changes in coronal plane deformity measured in the previous chapter. 
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8.1 Methodology 
The same group of AIS patients as described in Chapter 7 were involved in this 
study.  In order to measure the transverse rotation of the vertebrae and discs, the 
MRI data had to be formatted to give transverse images.  The coronal image stack 
from each MRI scan was imported into ImageJ (using the same procedure as 
mentioned in Chapter 7) and reformatted to generate a stack in the transverse 
plane, from the top to the bottom of the spine.  Figure 8-1 shows an example of a 
single slice from the coronal stack, together with a transverse plane image of the 
corresponding vertebra.   
 
Figure 8-1: Coronal stack image of patient 3 in present study (left) and the transverse 
plane view of the most deviated vertebral body (the transverse plane relative to the 
vertebral body).  Yellow line indicates the selection of plane through an individual 
vertebral endplate. 
The transverse plane deformity was characterised by measuring the rotation 
(relative to the scanner bed) of every vertebral endplate in the major scoliotic curve 
of the patients in the sequential study group.  This was performed by using the 3D 
slice orientation capability in ImageJ (Volume Viewer 2.0) that uses the coronal and 
sagittal tilt of the endplates to generate an image in the plane of each vertebral 
endplate (Figure 8-2).   
Chapter 8: Sequential MRI to Investigate Torsional Changes in the Scoliotic Spine  
 Page 164 
 
Figure 8-2: A typical display window (using ImageJ plugin – Volume Viewer) of the 
superior endplate of a thoracic vertebra in the major curve of a patient from the study. 
 
Once the plane of the endplate had been found, a line was drawn from the vertebral 
foramen to the centre most anterior part of the vertebra (as described by Aaro and 
Dhalborn (Aaro et al., 1978)) to measure the rotation of each vertebral endplate in 
the plane of that endplate.  As the patient’s pelvis was not part of the MRI 
acquisition window, it was not possible to define a pelvic reference rotation to 
correct for pelvic tilt as has been performed previously by the PSRG (Little et al., 
2012).  Instead, a reference co-ordinate system relative to the scanner bed was 
established to allow the vertebral angle relative to this landmark to be found.  Figure 
8-3 illustrates the two (yellow) lines that were drawn to measure the vertebral angle 
and scanner bed.  This process was repeated for each superior and inferior 
endplate in the major curve. 
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Figure 8-3: Superior vertebral endplate of a thoracic vertebra, showing a single yellow 
line drawn from the vertebral foramen to the centre of the most anterior part of the 
vertebra using the methods described by Aaro and Dhalborn (left), and a single yellow 
line creating an axis relative to the scanner bed (right). 
 
To determine the torsion within a vertebral body the inferior endplate angle was 
subtracted from that of the superior endplate; the torsion within an intervertebral 
disc was similarly obtained by subtracting the rotations of the endplates either side 
of the disc.  Individual axial torsions for the VB and IVD in the major curve were 
plotted for each scan per patient.  The rotation (of the vertebral angle relative to the 
scanner bed) at each level were summed to calculate a cumulative axial rotation for 
the major curve.  A detailed step by step process for this method is given in 
Appendix F. 
8.1.1 Intra-observer Variability 
Intra-observer variability was assessed on a subset of six patients with six scans 
(i.e. two for scan 1, two for scan 2 and two for scan 3), by analysing the absolute 
axial torsion (α) measurements by the same observer,  
Δα=|αn−αn+1|,                           (Equation 8-1) 
where, n and n+1 are successive measurements.   
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Repeated measurements on every level in the major curve were performed three 
weeks after the initial measurements with the observer blinded to previous results.  
The mean signed intra-observer difference was -0.1°, which is not significantly 
different from zero and suggests that no order bias existed between the first and 
second axial torsion measurements.  Mean absolute (unsigned) intra-observer 
difference was 2.1°, the standard deviation (SD) of the difference was 1.6° and the 
95% limits of agreement (1.96 × SD) was ± 3.1°.   
 
8.2 Results 
The total contribution of the torsion in both the vertebrae and discs in the major 
curve for each patient in the study is shown in Figure 8-4; where Patients 1, 2, 4, 10, 
13, 14, 19 and 20 display vertebrae and discs compensating between scans.  Note 
that the use of the term compensating refers to when the torsion in the vertebrae is 
in one direction and that of the discs is in the opposite direction.  The data for each 
individual at every level within the major curve are shown in Appendix G.  Overall, 
the vertebra and disc torsions were different for every patient in the study, with no 
clear patterns identifiable.  Additionally, there was no obvious relationship of the 
torsions with the corresponding wedging or heights of the vertebrae or discs 
measured in Chapter 7.  It can be seen in the data for the individuals in Appendix G 
that when the torsion in the vertebrae is in one direction often the torsion in the 
discs is in the opposite direction.   
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Figure 8-4: Contributions of the torsion in the vertebrae (a) and discs (b) in major curve for individual patients in the study.  Note that a negative 
value represents reversed torsion.  For example Pt 20 had an overall torsion of 5° at scan 2 with 15° contribution from the VB and -11° from the 
IVDs. 
(a) 
(b) 
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The individual intra-vertebral torsions for the apical vertebra for each patient at each 
scan are shown in Figure 8-5.  The maximum intra-vertebral torsion was 5.1°.  The 
transverse plane apex was different to the coronal plane apex in only two patients, 
Patient 6 and Patient 15, where the transverse apex was directly below the coronal 
apex for Patient 6 and directly one level above the apex for Patient 15.   
 
 
Figure 8-5: individual intra-vertebral torsions for the transverse apical vertebra for 
each patient in the study.  Where the initial scan, scan 1, is shown in blue, scan 2 in 
red and scan 3 in green. 
Table 8-1 links the coronal plane wedging measures (taken from the supine MRI) 
with transverse plane torsion.  Out of the eleven patients whose Cobb angle 
progressed, five patients (2B, 3B, 6, 9B and 20) demonstrated an increase in axial 
torsion, four patients (1, 4, 5, and 11B) showed a decrease, and in two patients 
(13B and 19) torsion remained unchanged.  Note that two patients, who had no 
increase in Cobb angle, did have changes in torsion.  Patient 14B had an increase 
in torsion and Patient 15B had a decrease. 
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Table 8-1: Coronal plane supine Cobb angles with corresponding transverse plane torsion.  For the Cobb angle pink shading indicates the curves 
that progressed ≥5° between intervals.  For the torsion angle pink shading indicates the curves that had a change of torsion greater than the intra-
observer variability of 3.1°.  Blue shading indicates that the torsion decreased over the interval. 
 
 Total Cobb angle - MRI Total Transverse Plane Torsion - MRI 
Pt ID scan 1 scan 2 scan 3 scan 1 scan 2 scan 3 
1 44 50 48 11.7 7.8 8.6 
2B 18 23 26 -3.2 8.9 3.7 
3B 29 29 60 8.4 10.0 22.4 
4 26 34 30 3.4 -2.9 -4.8 
5B 24 25 30 10.9 7.6 9.3 
6* 26 24 29 3.4 4.2 8.7 
9B 21 33 36 12.7 17.2 21.1 
10 38 42 - 0.9 -0.2 - 
11B 23 28 30 6.7 6.7 -1.4 
12 25 24 27 -3.2 -3.0 -5.6 
13B 45 47 51 9.8 10.3 8.4 
14B 40 36 34 1.1 3.7 11.3 
15B 31 27 - 13.8 6.8 - 
17B 33 36 - -0.1 0.9 - 
19 19 25 - 3.2 2.1 - 
20 10 15 - 0.4 4.5 - 
21 17 19 - 0.8 1.5 - 
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8.3 Case Studies 
The following case studies discuss the axial rotation that occurs in terms of ‘positive’ 
and ‘negative/reversed’ rotation.  This simply refers to the direction of overall 
vertebral endplate rotation when looking upwards through the spine, from inferior to 
superior (Figure 8-6).  Torsion refers to the difference in rotation of the two 
endplates of a vertebra or disc. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8-6: Schematic to show the orientation and direction of the vertebrae in the 
transverse plane. 
 
  
-                             + 
Right       Left 
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Case Study 1 - Patient 3B whose deformity progressed  
Referring back to the previous chapter and linking wedging, height and torsion, we 
can see that for patient 3 who progressed over interval 2-3, the majority of the 
torsion is occurring in the discs, particularly at the T4/T5, T5/T6, T7, and T7/T8 level 
where the torsion is larger than the intra-observer limits of agreement (of 3.1°) as 
shown in Figure 8-7.  The coronal plane measures showed an increase in wedging 
at these levels with an increase in overall height of 13mm between interval 2-3.  The 
maximum vertebral wedging in the coronal plane was 13.9° at the T6/T7 level with 
the corresponding vertebral torsion at that level of 1.9° (for scan 3).  The maximum 
transverse plane measurement was 12.8° at the T7/8 level (where the coronal apex 
was determined to be T9). 
 
Figure 8-7: Individual transverse plane torsions of the vertebrae and discs for Patient 
3.  Where the initial scan, scan 1, is shown in blue, scan 2 in red and scan 3 in green. 
Case Study 2 - Patient 6 whose deformity progressed 
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Patient 6 displayed slight progression (Cobb angle change of 5°) over the interval 2-
3 with an increase in height of 5mm in the coronal plane (Chapter 7).  When looking 
at the transverse plane measures for this patient, it appears that the majority of the 
torsion is occurring in the discs, particularly at the lower levels, with the maximum 
vertebral torsion occurring at T12 (Figure 8-8).  Reverse torsion is also present 
between scans, particularly below the apical level T8, (determined from the coronal 
plane).   
 
Figure 8-8: Individual transverse plane torsions of the vertebrae and discs for Patient 
6.  Where the initial scan, scan 1, is shown in blue, scan 2 in red and scan 3 in green. 
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Case Study 3 - Patient 9B whose deformity progressed  
Patient 9 showed rapid curve progression in the coronal plane over a 3 month 
interval (1-2) and a 7 month interval between interval 3-4, with a Cobb change of 
12° and 13° respectively.  If we look at the individual level contributions for this 
patient in the transverse plane (Figure 8-9) we can see that there are large changes 
at the T5, T5/6, T7/8 and T8 level, with maximum torsion of 9° at the disc above the 
apex (marked with an asterisk).  In the same manner as the coronal plane wedging, 
these transverse plane torsions are mostly occurring above the apical level, T8. 
 
Figure 8-9: Individual transverse plane torsions of the vertebrae and discs for Patient 
9.  Where the initial scan, scan 1, is shown in blue, scan 2 in red and scan 3 in green. 
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8.4 Discussion  
This study was performed to assess the vertebral and disc torsion changes that 
occur with growth; and whether changes in transverse plane deformity are 
connected with the changes in coronal plane deformity (measured in the previous 
chapter).  Overall, the transverse plane vertebra and disc torsions were different for 
every patient in the study, with no clear patterns determined.  Significant torsions 
occurred in both the vertebral bodies and discs, sometimes compensating for one 
another and varying greatly between scans.  Large torsions were more commonly 
seen in the lower levels of the curve which was consistent with existing literature 
(Adam et al., 2008). 
 
Comparison of transverse plane torsion with coronal deformity indicated that there 
does appear to be some relationship between progressive wedging and increased 
torsion, consistent with prior literature (Villemure et al., 2001) but this is not seen in 
every case.  It is interesting to note that the Cobb angles in Table 8-1, ranged from 
10° to 44°, indicating that initial Cobb angle over a given interval was not a major 
factor in determining progressive torsion.  Furthermore, there was one case, Patient 
14B, where there was a significant increase in torsion from 3.7° to 11.3° between 
interval 2-3 yet the coronal plane deformity showed no progression over this 
interval. 
8.5 Conclusion 
Techniques developed as part of this study have measured changes in the vertebral 
body and disc torsions during growth in patients with AIS.  The results have shown 
that significant torsions occur in both the vertebral bodies and discs, sometimes  
compensating for one another and varying greatly between scans. 
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Chapter 9 : Discussion, Conclusions and Future Work 
The complexity and unpredictable nature of idiopathic scoliosis still continues to 
challenge the orthopaedic community.  Despite extensive research into the 
prognostic factors of curve progression, accurate prediction of progression risk is 
still not available.  Spinal clinicians must therefore rely on knowledge and 
experience to determine whether they should observe, brace or treat the deformity 
with surgical intervention.   
As described in the Introduction, the overall aim of this thesis was to gain an 
understanding of the effect of gravity on the deformed spine and to assess the 
patterns of deformity progression during the adolescent growth phase.  This was 
achieved by firstly performing a preliminary anatomical CT study of the 
thoracolumbar scoliotic spine to estimate the torso segment masses and gravity-
induced coronal joint moments in a group of AIS patients.  In addition (on a separate 
subset of patients), a sequential 3D magnetic resonance imaging study of AIS 
patients was performed, in which, for the first time, the scoliotic spine was imaged in 
3D at three separate time intervals (typically 3-9 months apart) to investigate 
anatomical changes occurring during growth and deformity progression.   
9.1 Limitations 
Limitations for this research study were identified pertaining to patient compliance, 
hospital access and data collection procedures.  Whilst the number of subjects 
analysed in this thesis was low, the number of patients is typical of other non-
surgical AIS studies (Abul-Kasim et al., 2010, Gocen et al., 1999, Birchall et al., 
2005).  Both the CT and MRI scans were performed at the local hospital, so the 
scanner was subject to the availability of these departments along with patient and 
parent co-operation in attending allocated appointment times.  This had greater 
impact on the MRI study, where the patients received two or more scans.   
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In addition, the time between the MRI scan and a patient’s spine clinic appointment 
was dependent upon the patient and parent co-operation, as in some cases patients 
only attended the MRI appointment and not the spine clinic appointment.  
Consequently, this resulted in delayed times (>1 month) between the MRI scan and 
the standing clinical radiograph.  Whilst, overall this did not affect the tracking of 
deformity progression, in terms of the patient’s Cobb angle and torsion, it did cause 
difficulties in predicting the growth stage as only their menarche status was 
available and not their Risser grade (which can only be measured from the 
radiograph).  This is an unavoidable limitation however, and was anticipated prior to 
the study commencing. 
The CT and MRI scans were performed in the supine position, which as already 
stated alters the geometry of the spine, due to a shift in gravitational load.  Prior 
studies have documented the change in curve magnitude between supine and 
standing but this was also assessed for a specific group of patients in the CT study 
described in Chapter 5.  With emerging technologies such as EOS (a low-dose 
biplanar X-ray system), it would be possible for future studies to perform this type of 
research using a standing imaging modality.   
9.2 Conclusions in Relation to the Research Questions 
 
Research Question 1 – What are the segmental torso masses in the 
adolescent idiopathic spine? How do they differ from torso masses in a 
healthy spine? 
The first CT study provided new anthropometric reference data on torso segment 
masses for AIS patients.  These data are important for future research involving 
biomechanical studies of scoliosis progression and treatment, because they will 
allow estimation of gravitational forces on the scoliotic spine (as opposed to relying 
on non-scoliotic anthropometric data).   
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The hypothesis that the torso masses of AIS patients are expected to be lower than 
typically developing adolescents was rejected.  The torso masses for scoliosis 
patients were consistent with those for typically developing subjects described in the 
literature (Duval-Beaupère and Robain, 1987, Pearsall et al., 1996).   
Research Question 2 – What are the gravity-induced coronal plane joint 
moments acting on the upright scoliotic spine? 
Using the masses determined in answering question 1, coronal moments, at the 
apical level, of up to 7 Nm were calculated in the supine position and estimated to 
be up to approximately 10 Nm in the upright posture.  This provides evidence for 
gravity as a driving factor in curve progression.  In addition, this study has shown 
the magnitude of the moments that spinal instrumentation and external bracing are 
required to produce just to resist this load.  Furthermore, no statistical correlation 
was found between Cobb angle and maximum coronal plane joint moment. 
Research Question 3 – Does pre-selecting vertebral endplates have a 
significant effect on supine to standing Cobb angle difference? 
The hypothesis that using the same vertebral endplates (as those pre-selected on 
the standing X-ray) will affect the Cobb angle difference, particularly for patients with 
large standing Cobb angles was rejected as no significant effect was found using 
pre-selected endplates.   
 
It was demonstrated that whilst on average there is a mean 11° Cobb change 
between supine and standing, patients with flexible curves can have Cobb changes 
of up to 20° and this would have significant implications for the moments 
experienced by such an individual.  Based on these results, an estimate of the joint 
moments in standing was calculated and was found to increase the joint moments 
by approximately 3 Nm (refer to Research Question 2). 
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Research Question 4 – To use sequential 3D magnetic resonance imaging to 
assess how the local anatomy (vertebral bodies and intervertebral discs) of 
the scoliotic spine changes with growth and progressive deformity in three 
dimensions. 
Assessment of the individual vertebral body and disc anatomy in the coronal and 
transverse plane during growth resulted in no clear and definitive pattern of 
changes.  Both progressive and non-progressive patients displayed anatomical 
changes between scans.  Vertebra and disc wedging was not always shown to 
increase with increased axial torsion or spinal height.  In addition both braced and 
non-braced patients progressed.  Individual levels of the spine were shown to have 
rapid changes not seen in the whole spine and often overall Cobb angle measures 
did not reflect some of these large segmental changes.  Therefore the hypothesis 
that there is a consistent pattern of increasing deformity in the vertebrae and discs 
with curve progression during growth was rejected. 
Research Question 5 – What is the clinical relevance of this study and how 
does it contribute to existing research? 
There are implications for the clinical assessment and consequent management of 
AIS from this study.  It has been shown that the Cobb angle alone may not be 
sufficient to predict on-going progression due to the overall Cobb angle masking 
important individual level changes.  Large anatomical changes to the vertebrae and 
discs still occur in scoliosis patients who appear to have not progressed clinically (in 
terms of their standing major curve Cobb angle).  This is important as a patient who 
has not progressed 5° or more between consecutive appointments, is considered 
clinically ‘low-risk’.  In addition, compensatory wedging of the discs and vertebrae 
were seen to reduce changes in the overall Cobb angle at intermediate 
assessments leading to some large changes in Cobb angle at succeeding 
assessments.   
Chapter 9: Discussion, Conclusions and Future Work                                                 Page 179 
 
This highlights the need for closer inspection of the clinical radiographs and may 
suggest clinical use of sequential MR scanning in patients considered to be of high 
risk of progression. 
9.3 Future Work 
The full possibilities of the successive MRI data for three dimensional analysis of 
scoliosis progression have not yet been explored.  Surface reconstruction of the 
vertebrae at each scan and direct comparison between scans will enable the 
patterns of vertebral growth and deformity including the posterior elements of the 
vertebrae to be assessed.  This was outside the scope of this study but data from 
such an analysis may shed light on the apparent lack of systematic changes seen in 
the measures used in this study. 
At the time of writing the Paediatric Spine Research Group has obtained ethics 
permission to study an age matched control group of typically developing 
adolescent females to compare with the patients examined in this study.  This will 
allow a definitive study of normal adolescent spine development and will enable 
comprehensive definition of AIS progression. 
The relationship between joint moments and curve progression needs further study.  
However, the joint moments are unable to be calculated directly from the MRI scans 
because of the limited FOV that does not include the skin envelope.  Combining 
data from the clinical radiographs with the MRI data may enable estimations of the 
moments to be made in these patients. 
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9.4 Concluding Statement 
In summary, this thesis has made important contributions to the understanding of 
growth and progression in AIS.  CT scans and sequential MRI were used to provide 
three-dimensional data on the spinal anatomy and progression of the deformity 
during growth.  Data from the CT scans showed that gravity is implicated as a 
potential significant component driving deformity progression.   
Development of a novel sequential 3D MR imaging technique has given an insight 
into the complex level-by-level anatomical changes that occur in the growing 
scoliotic spine.  The sequential MRI data showed that there is no homogeneous 
pattern of deformity progression.  Individual vertebral changes not seen in the 
standard clinical assessment of deformity have implications for clinical evaluation of 
these patients.  Current methods of clinical assessment are therefore insufficient in 
characterising local anatomical changes that occur during spinal growth and 
deformity progression. 
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Appendices 
 
Appendix A - Ethical Documentation for CT Analysis 
Mater Hospital Ethical Approval 
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Queensland University of Technology Ethical Approval 
 
From: QUT Research Ethics Unit  
Sent: Wednesday, 14 January 2015 4:13 PM 
To: Clayton Adam; Paige Little; Caroline Grant; Maree Izatt; Nicolas Newell 
Subject: Ethics application - approved - 1400000997 
 
Dear Aspro Clayton Adam 
 
Project Title:  Register a historical clinical low dose CT dataset as a databank for use in 
research projects to further the understanding of adolescent idiopathic scoliosis 
 
Ethics category:                  Human - Administrative Review  
QUT approval number:     1400000997 (As per Mater Health Services Human) 
Research Ethics Committee, Approval number: HREC/14/MHS/158) 
QUT clearance until:         19/08/2017 
 
We are pleased to advise that your application has been reviewed and administratively 
approved by the Chair, University Human Research Ethics Committee (UHREC) based on 
the approval gained from the responsible HREC.  We note this HREC has awarded the 
project ethical clearance until 19/08/2017. 
 
CONDITIONS OF APPROVAL 
Please ensure you and all other team members read through and understand all UHREC 
conditions of approval prior to commencing any data collection:  
   - Standard: Please see attached or http://www.orei.qut.edu.au/human/stdconditions.jsp 
   - Specific:   None apply 
 
Administrative review decisions are subject to ratification at the next available UHREC 
meeting. You will only be contacted again in relation to this matter if UHREC raises 
additional questions or concerns.  Projects approved through an external organisation may 
be subject to that organisation's review arrangements. Researchers must immediately notify 
the QUT Research Ethics Unit if their project is selected for investigation / review by an 
external organisation. 
 
VARIATIONS - All variations must first be approved by the responsible HREC before 
submission to QUT for ratification.  Once approval has been obtained please submit this to 
QUT using our online variation form: http://www.orei.qut.edu.au/human/var/ 
 
MONITORING - Please ensure you also provide QUT with a copy of each adverse event 
report and progress report submitted to the responsible HREC. 
 
Please don't hesitate to contact us if you have any queries. 
 
Kind regards 
Janette Lamb on behalf of Chair UHREC 
Office of Research Ethics & Integrity 
Level 4   |   88 Musk Avenue   |   Kelvin Grove 
p: +61 7 3138 5123 e: ethicscontact@qut.edu.au w: http://www.orei.qut.edu.au  
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Appendix B - Calculating Vertebral Centroids and Joint Moments, Using 
ImageJ Software 
1. Open Image J 
 
2. File→ Import→ Image Sequence (Select one of the CT image files to open, click 
ok) 
 
3. Image→ Adjust→ Brightness/Contrast [Ctrl+Shift+C] Click apply 
 
4. Image→ Type→ 8-bit 
 
5. To crop the image, select the rectangular box icon from 
the tool bar (as shown) select the region of interest and 
click Image→ crop 
 
6. Press ‘i’ on the image to show stack information.  Look at the slice location and 
make a note of the value.  Repeat this for the next slice.  The difference 
between these values is the ‘voxel depth’.   To check the voxel depth is correct 
or to amend the value click Image→ properties to view SE1 box.  It is important 
to ensure this value is correct so the image is not distorted in any way. 
 
7. Image→ Stacks→ Re-slice [/] (Start at ‘Top’ click ok) 
 
8. Highlight the new re-slice image window and check that the voxel depth has 
been set correctly. 
o Hold the cursor close to the bottom of the image.  The Image J status bar 
will show the x and y value for this point.  The y value should be approaching 
the total number of original slices. 
o If the number is significantly smaller or larger, then the voxel depth will need 
to be amended (see point 6). 
o Once this has been amended check re-sliced image. 
 
9. Select the re-sliced image window 
 
10. Image→ Stacks→ Z-project 
o ‘Projection Type’ set to Standard Deviation and click ok. 
o Note: A start and end slice can be selected to increase the detail of the 
vertebrae. 
o The image brightness can be adjusted accordingly (see point 3). 
 
11. Using this new image, it is now possible to determine the centre of the vertebra 
and thus determine the required vertebral slice that can then be found on the 
original stack data for T1-T12 and L1-L5. However if the z-spacing is not 1 and 
is, for example 1.25 then the value will need to be divided by 1.25. i.e. T1= 
(136.52 / 1.25) = 109.216 therefore slice 109 will be the slice that will be used 
for the centre of the T1 vertebra from the original stack data. 
 
12. On original image 
o Image→ Adjust→ Threshold Click apply and ok 
o Move to the required slice number and select the wand 
(tracing) tool 
o Use the First moment of area equation (shown below) to calculate the area 
of the torso (excluding air space) as shown in the following steps: 
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o To determine the area and centroid of A1, A2 and A3 click Analyse→ Set 
measurements→ Tick area and centroid, click ok 
 
o Analyse→ Measure to get results for the chosen area 
 
o Copy results into excel  and use the First Moment of Area equation:   
 
𝑋𝑐 =
 (𝐴3𝑋3)−(𝐴1𝑋1)−(𝐴2𝑋2)
𝐴4
                𝑎𝑛𝑑               𝑌𝑐 =
 (𝐴3𝑌3)−(𝐴1𝑌1)−(𝐴2𝑌2)
𝐴4
  
𝑁𝑜𝑡𝑒: 𝐴4 = 𝐴3 − 𝐴1 − 𝐴2 
13. Using the data from the Excel spread sheet, the volume for each vertebra can 
be calculated using the following equation:   
𝑉 = 𝐴 × 𝐻 
Where: 𝑉 = volume, 𝐴 = area of torso i.e. A4, 𝐻= height of vertebra (obtained 
from y  values on re-sliced image).  Note: Divide through by 1 × 109 as units are 
calculated in mm2 
14. The mass of each vertebral body segment can now be calculated using the 
equation:  
𝑀 = 𝜌 × 𝑉 
A3 
A1 A2 
(Xc, Yc) 
Left 
x 
y 
Anterior 
Posterior 
Right 
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Where: 𝑀= mass 
𝜌 = density of water i.e. 1040kg/m3 
𝑉 = volume calculated in point 13. 
 
Note: Multiply Mass by 9.81 to convert kg to N to give torso segment vector. 
 
 
15. Find the final sum of mass for each vertebral body/torso segment (T1-L5)  
 
Patient trunk percentage (%) = Total mass of T1-T12 and L1-L5 (kg) x 100 
                                                                 Patient weight (kg) 
 
(0.2+0.6+0.5+0.5+0.5+0.6+0.6+0.6+0.8+0.9+0.8+0.8+0.8+0.9+0.9+0.9+1.0) x 100 = 29% 
41 
16. To obtain the location of the torso segment vectors, scroll to the slice number of 
the required vertebral level (as found in Point 11).  For example, if the T1 slice 
was 109, scroll to that slice number on original axial stack and record the Z-co-
ordinate value at this slice.  If we assume in this case the Z co-ordinate for slice 
109 = 271.25 we would find the 271.25 co-ordinate value on the re-sliced 
coronal image in the y-direction. 
 
Calculating Joint Moments 
17. As the CT scan cuts off the arms and head and neck.  Anthropometric data was 
used to determine the percentage for the head and neck + arms using 
anthropometric data from Winter, 2009 below. 
 
For example, if Patient A has a body weight of 41kg, we can take the 
anthropometric data from Winter (table below) and work out patient specific 
values for the head and neck, arm and hand.  
Head and Neck 
(%) 
Arm and hand x 1 (%) 
8.1 5.6 
a) 0.081 x 41 = 3.32kg (head and neck)  
The head and neck was placed directly on top of the T1 vertebra 
 
b) 0.056 x 41 = 2.30kg (arm and hand) multiply x2 for both arms = 4.60kg  
The arms were positioned at the scapulohumeral joint 
Note: Multiply Mass by 9.81 to convert kg to N 
18.  The next step is to define the Instantaneous Axis of Rotation (IAR).  As there is 
no literature on scoliotic IAR locations, assume IAR lies in the centre of IVD and 
run a sensitivity test to assess the effect of moving IAR towards and away from 
the convexity of the curve (as shown in picture below). 
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19. Determine individual and cumulative joint moments using statics:  
𝐽𝑜𝑖𝑛𝑡 𝑀𝑜𝑚𝑒𝑛𝑡 (𝑁𝑚) = 𝐹𝑜𝑟𝑐𝑒 (𝑁) × 𝑃𝑒𝑟𝑝𝑒𝑛𝑑𝑖𝑐𝑢𝑙𝑎𝑟 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑚) 
Note that the mass needs to be converted from kg to N as per point 14.  Distance is 
currently in mm, thus divide by 1000 to convert to metres. 
The force is the torso segment vector calculated in Point 14. (red arrows in above 
picture).  The distance is the difference between the x co-ordinate of the torso 
segment vector and the IAR x co-ordinate.   
20. The cumulative moment is the sum of the moments of and above the required 
joint (red arrows) + the head, neck and arms (green arrows). Clockwise joint 
moment is positive.  
 
 
 
 
 
 
 
 
 
 
 
 
 
-
 Joint Moments 
+
 
Head and Neck 
+
 
Right Arm Left Arm 
T1 
T2 
T3 
T3/T4 joint 
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Appendix C – Individual Coronal Plane Joint Moment Plots 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 - Joint Moments + 
(Nm) 
-10       -5       0       5       10 
Patient 1 
Cobb angle 54° 
Patient 3 
Cobb angle 42° 
Patient 4 
Cobb angle 48° 
Patient 2 
Cobb angle 45° 
Patient 5 
Cobb angle 45° 
Patient 6 
Cobb angle 62° 
Patient 7 
Cobb angle 63° 
Patient 8 
Cobb angle 47° 
Patient 9 
Cobb angle 48° 
Patient 10 
Cobb angle 49° 
 - Joint Moments + 
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-10       -5       0       5       10 
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 Joint Moments 
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(Nm)
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 Joint Moments 
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(Nm)
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 Joint Moments 
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(Nm)
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 Joint Moments 
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 Joint Moments 
- 
(Nm)
 
Patient 11 
Cobb angle 44° 
Patient 12 
Cobb angle 54° 
Patient 13 
Cobb angle 57° 
Patient 14 
Cobb angle 58° 
Patient 15 
Cobb angle 58° 
Patient 17 
Cobb angle 50° 
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Cobb angle 50° 
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Cobb angle 52° 
Patient 20 
Cobb angle 50° 
Patient 16 
Cobb angle 55° 
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Appendix D - Each Patient’s Mean Supine Cobb Angle With and Without 
Endplate Pre-Selection and Standing Cobb Angle. 
Patient 
number 
Mean supine Cobb angle from 
CT without endplate pre-
selection (°) 
Mean supine Cobb angle from 
CT with endplate pre-
selection(°) 
Standing Cobb angle 
from clinical X-ray (°) 
1 46 46 54 
2 38 36 45 
3 37 35 42 
4 33 33 45 
5 55 55 62 
6 
 
45 42 63 
7 38 37 48 
8 39 40 49 
9 35 34 44 
10 48 48 54 
11 42 42 53 
12 47 45 58 
13 41 40 55 
14 30 30 50 
15 44 40 52 
16 43 42 50 
17 50 51 60 
18 48 47 60 
19 42 42 52 
20 40 36 47 
21 40 40 53 
22 55 55 54 
23 36 36 42 
24 38 32 48 
25 39 38 52 
26 48 48 58 
27 32 30 40 
28 45 45 60 
29 39 39 59 
30 46 50 64 
31 31 30 43 
32 36 35 48 
33 49 50 68 
34 39 39 42 
35 40 40 58 
36 35 38 52 
37 28 28 38 
38 30 28 46 
39 35 39 48 
40 37 35 48 
41 41 43 56 
42 43 41 50 
43 32 31 42 
44 47 44 53 
45 47 44 56 
46 45 40 52 
47 41 41 48 
48 42 43 58 
49 42 40 57 
50 46 44 55 
51 43 43 52 
52 51 51 56 
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Appendix E - Ethics and Governance Documentation 
Mater Hospital Ethical Approval 
 
Table of Appendices                                                                                                                Page 191 
 
 
 
Table of Appendices                                                                                                                Page 192 
 
Mater Governance Approval 
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Queensland University of Technology Ethical Approval 
 
Ethics Application Approval – 1200000281                                 Page 1 of 1 
QUT Research Ethics Unit 
Sent: Thursday, 7 June 2012 11:53 AM 
To: Bethany Elin Keenan; Mark Pearcy; Graeme Pettet; Clayton Adam; Maree Izatt 
Cc: Janette Lamb 
______________________________________________ 
Dear Miss Bethany Keenan 
Project Title: Sequential magnetic resonance imaging of scoliosis patients 
Approval Number: 1200000281 
Clearance Until: 15/05/2015 
Ethics Category: Human 
 
This email is to advise that your application has been reviewed by the Chair, University 
Human Research Ethics Committee and confirmed as meeting the requirements of the 
National Statement on Ethical Conduct in Human Research. 
Your application has received QUT administrative review approval based on the approval 
gained from the Mater Human Research Ethics Committee (HREC).  As such, Mater HREC 
should be considered the lead HREC in terms of the ethical review of this project and all 
variations etc to the project should first be approved by the Mater HREC and subsequently 
submitted to QUT for ratification. 
If you require a formal approval certificate, please respond via reply email and one will be 
issued.  This project has been awarded ethical clearance until 15/05/2015 and a progress 
report must be submitted for an active ethical clearance at least once every twelve months.  
Researchers who fail to submit an appropriate progress report may have their ethical 
clearance revoked and/or the ethical clearances of other projects suspended.  When your 
project has been completed please advise us by email at your earliest convenience.   
For information regarding the use of social media in research, please go to: 
http://www.research.qut.edu.au/ethics/humans/faqs/index.jsp 
For variations, please ensure that approval has been sought from the lead university before 
completing and submit the QUT online variation form: 
http://www.research.qut.edu.au/ethics/humans/applications.jsp#amend 
Please do not hesitate to contact the unit if you have any queries. 
Regards 
Janette Lamb on behalf of the Chair UHREC 
Research Ethics Unit | Office of Research 
Level 4 | 88 Musk Avenue | Kelvin Grove 
p: +61 7 3138 5123 e: ethicscontact@qut.edu.au w: http://www.research.qut.edu.au/ethics/ 
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Start slice End slice 
Appendix F - Calculating Coronal Plane Vertebral and Intervertebral Disc 
Wedging, Heights and Transverse Plane Axial Rotation, Using ImageJ and 
Simpleware Software  
 
1. Convert MRI DICOM stack to RAW file using ScanIP, Simpleware Software 
- File→ Import→ DICOM 
- Compute histogram and use full data range 
- Note the width, height and number of images (this can vary per patient) 
- Export stack to an (8-bit) RAW stack by clicking Background RAW and save 
as Ptx_scanx 
 
2. Open Image J 
 
3. File→ Import→ RAW (Select one of the MRI image files to open, click ok) 
 
4. Enter the correct width, height and 
number of images for each patient. 
 
5. Click Image→Properties to convert 
pixels to mm.  In this case the voxel 
size for each scan was 0.5mm. 
 
6. Select slices to include for Z-project. 
- Scroll through MRI stack to find the 
anterior and posterior edges of each 
vertebral body 
7. Image→ Stacks→ Z-project 
 
8. ‘Projection Type’ set to Sum slices and click ok to produce a new single image. 
9. Select Multi-point tool (from the toolbar) to outline the inferior and superior 
endplates for each vertebrae from convex 
to concave side. 
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10. Select three to four data points along each endplate to capture a true 
representation of the endplate curvature. 
 
 
 
 
 
 
 
 
 
 
 
11. Repeat for every endplate on image (and save for reference) 
 
12. Analyse→ Measure (x,y co-ordinates of each data point)→ Export to Excel 
 
13. Use LINEST function in Excel to calculate a line of best fit (least squares 
method). 
 
- Slope (m) = INDEX (LINEST(known_y’sknown x’s), 1) 
- Y-intercept (b) = INDEX (LINEST(known_y’sknown x’s), 2) 
Vertebral 
level 
Data 
Point 
X 
(mm) 
Y 
(mm) 
  Endplate tilt Wedge 
(degrees) 
 
T3 inf 1 153.0 5.5 m 0.2461 -1.6 IVD 
 2 159.5 6.5 b -32.490 
  
 3 166.5 8.0 theta 13.8259 
  
 4 173.0 10.5     
  
T4 sup 5 151.0 9.5 m 0.2762 -6.5 VB 
 6 157.5 11.5 b -32.197 
  
 7 165.0 13.0 theta 15.4402 
  
 8 172.0 15.5     
  
 
14. The wedge angle for the discs (IVD) could be found by subtracting the angle of 
the superior endplate from the inferior endplate.  In this case T3 inf theta -T4 sup 
theta (i.e. 15.4402 – 13.8259) =  -1.6° for the T3/T4 disc. 
15. The wedge angle for the vertebrae (VB) could be found by subtracting the angle 
of the inferior endplate from the superior endplate. In this case T4 inf theta -T4 
sup theta =  -6.5° for the T4 vertebra. 
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16. The sum of the individual contributions of the IVD and VB were found to give the 
total % of wedging in the major curve.  
 
17. The major curve was then split in to two sections; above the apex (AA) and 
below the apex (BA) to determine whether more wedging occurred above or 
below the apical vertebra. 
 
𝐴𝑏𝑜𝑣𝑒 𝐴𝑝𝑒𝑥 (𝐴𝐴) =  
∑  (𝑉𝑒𝑟𝑡𝑒𝑏𝑟𝑎 𝑎𝑛𝑑 𝑑𝑖𝑠𝑐𝑠 𝐴𝐴) + (0.5 × 𝐴𝑝𝑒𝑥)
𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑏𝑏 𝑎𝑛𝑔𝑙𝑒 (𝑑𝑒𝑔𝑟𝑒𝑒𝑠)
 
  
𝐵𝑒𝑙𝑜𝑤 𝐴𝑝𝑒𝑥 (𝐵𝐴) =  
∑  (𝑉𝑒𝑟𝑡𝑒𝑏𝑟𝑎 𝑎𝑛𝑑 𝑑𝑖𝑠𝑐𝑠 𝐵𝐴) + (0.5 × 𝐴𝑝𝑒𝑥)
𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑏𝑏 𝑎𝑛𝑔𝑙𝑒 (𝑑𝑒𝑔𝑟𝑒𝑒𝑠)
 
 
18. This procedure was repeated for all 3 scans to compare the Cobb angle at each 
scan and determine whether the wedging initially occurs in the discs as 
proposed by Will et al (Will et al., 2009). 
 
Measuring Vertebral and Disc Heights  
19. Copy and paste the same data points as those selected in Point 12 in to a new 
Excel sheet. 
 
20. Use the LINEST formula: (INDEX (LINEST(known_y’s, known_x’s(1,2)),X) in 
order to get the coefficients (a,b,c) of a quadratic equation y = ax2+bx+c. 
 
21. Find the midpoint of the points in the x direction and plug values into the above 
equation to find y 
 
22. As the endplate curve varies at each level and per patient, find the height on the 
convex (right), concave (left) and midpoint for the VB and IVD heights. 
Vertebral 
 level 
Data  
Points 
X 
(mm) 
Y 
(mm)  
Quadratic 
Equation 
Mid-point 
(mm) 
Heights  
(mm)  
T3 inf 1 143.0 8.5 a -0.0011 x_mid 154 left 6.1 IVD 
 
2 149.0 8.5 b 0.5081 y_mid 10.07 right 4.5 
 
 
3 156.0 11.0 c -41.1492 
  
mid 5.5 
 
 
4 165.0 11.5 
       
T4 sup 5 142.5 13.0 a -0.0025 x_mid 153.25 left 16.6 VB 
 
6 149.5 14.5 b 0.9705 y_mid 15.53 right 13.3 
 
 
7 157.0 16.5 c -75.3409 
  
mid 14.7 
 
 
8 164.0 17.5 
       
- Left (points 4 and 8) = √((X4-X8)2+(Y4-Y8)2) 
- Right (points 1 and 5) =√((X1-X5)2+(Y1-Y5)2) 
- Mid = √((x_midT4sup-xmidT3inf)2+(y_midT4sup-y_midT3inf)2) 
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23. Repeat procedure for all 3 scans to work out the disc and vertebral heights in 
the major curve. 
24. Calculate the R-squared value for the quadratic equation, using the following 
LINEST function: 
INDEX (LINEST(known_y’s, known_x’s(1,2),1,1),3) 
Note: where 3 data points were chosen the R-squared value would be 1. 
 
Measuring Transverse Plane Vertebral and Disc Axial Rotation  
1. Open ImageJ, File→ Import→ RAW (Select one of the MRI image files to open, 
click ok). 
 
2. Enter the correct width, height and number of images for each patient as 
described in Point 3, 4 and 5. 
 
3. To crop the image, select the rectangular box icon from the 
tool bar (as shown) select the region of interest (the spine in 
this case) and click Image→ crop 
 
 
 
 
 
 
 
 
 
4. Image – stacks – re-slice (top) to generate axial stack.  
 
5. Scroll through stack to find the most deviated vertebra – this will give the 
apical vertebra in the transverse plane. 
 
6. Place cursor on this slice and look at the z co-ordinate given in the ImageJ 
toolbar, this will give the corresponding y co-ordinate in the coronal plane 
stack. For example this pt shows an axial z-co-ordinate of 93.50.  In the 
coronal plane, place the cursor on the y = 93.50 point and look at the 
vertebra this corresponds to. 
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Axial apical 
vertebra 
Coronal 
apical 
vertebra  
 
 
 
 
 
 
 
 
 
 
 
 
7. To select the plane of the endplate, use the Plugins – 3D – Volume viewer. 
 
8. Volume Viewer 2.0 window will pop up.  Change Projection (in left hand 
corner tab) to Slice 
 
9. Select plane of deformity by moving the mouse left and right and using the 
Dist bar to scroll up and down to choose vertebral endplate (two tilts in 
sagittal and coronal plane). Zoom out by changing the scale bar on the side. 
 
10. Once the endplate has been found in each plane, save image to form a 
separate window. 
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11. Use Aaro and Dahlborn method to draw a line from the vertebral foramen to 
the top of the vertebra.Click save view. 
 
 
 
 
 
 
 
 
 
 
 
12. Draw a line along the x-axis to give angle of scanner bed (this allows the 
vertebral angle relative to scanner bed as patient pelvis not part of scan). 
 
13. Analyse→ Measure (angle)→ Export to Excel 
 
14. Save image as Ptx Tx sup/inf (Pt3 T5 sup) and export data to Excel.  
 
15. The axial torsion for the VB could be found by subtracting the angle of the 
inferior endplate from the superior endplate.  In this case, T4 inf -T4 sup 
(i.e.-5.19 – 3.72) = -1.47°.  The torsion for the discs was found by 
subtracting the rotations of the endplates either side of the disc.  In this case, 
T5 sup – T4 inf (3.1 – (-5.19)) = 8.29° 
 
Vertebral 
level 
Angle 
(°) 
Rotation relative to 
scanner bed normal (+ve 
Right) (°) 
Intravertebral 
Torsion 
(°) 
Inter - vertebral 
Torsion 
(°) 
T4 sup 153.11 -3.72 -1.47 (VB) 
 
Scanner bed 149.39 
   
T4 inf 154.36 -5.19 
 
8.29 (IVD) 
Scanner bed 149.17 
   
T5 sup 90.99 3.1 -3.74 (VB) 
 
Scanner bed 94.09 
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Appendix G - Coronal Plane VB and IVD Wedging and Spinal Height Growth 
(left) and Transverse Plane Axial Torsion and Cumulative Axial Rotation 
(right) 
Clinical Measures  
Patient 1 - Unbraced Scan 1 Scan 2 Scan 3 
Age (years) 14.2 14.5 14.7 
Standing Cobb XR (°) 66 71 71 
Rib Hump (°) 22 22 22 
Risser (0-5) 2 4 4/5 
Standing Height (cm) 162.7 162.7 162.7 
 
MRI Measures  
 
Coronal Plane - Wedging  Transverse Plane –  Axial Torsion  
  
 
Coronal Plane – Mid Heights  
 
Transverse Plane –  Cumulative 
Axial Rotation  
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Clinical Measures 
 
Patient 2 - Braced Scan 1 Scan 2 Scan 3 
Age (years) 16.0 16.5 17.3 
Standing Cobb XR (°) 30 FTA FTA 
Rib Hump (°) 11 FTA FTA 
Risser (0-5) 0 FTA FTA 
Standing Height (cm) 162.4 FTA FTA 
 
MRI Measures  
 
Coronal Plane - Wedging  Transverse Plane –  Axial Torsion  
  
 
Coronal Plane – Mid Heights  
 
Transverse Plane –  Cumulative 
Axial Rotation  
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Clinical Measures 
 
Patient 3 - Braced Scan 1 Scan 2 Scan 3 
Age (years) 11.3 11.8 12.5 
Standing Cobb XR (°) 40 47 80 
Rib Hump (°) 13 13 18 
Risser (0-5) 0 0 0 
Standing Height (cm) 148.5 152.0 151.0 
 
MRI Measures  
 
Coronal Plane - Wedging  Transverse Plane –  Axial Torsion  
  
 
Coronal Plane – Mid Heights  
 
Transverse Plane –  Cumulative 
Axial Rotation  
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Clinical Measures 
 
Patient 4 - Unbraced Scan 1 Scan 2 Scan 3 
Age (years) 12.9 13.2 13.7 
Standing Cobb XR (°) 34 35 37 
Rib Hump (°) 10 10 11 
Risser (0-5) 4 4 4 
Standing Height (cm) 163 164.5 166.0 
 
MRI Measures  
 
Coronal Plane - Wedging  Transverse Plane –  Axial Torsion  
  
 
Coronal Plane – Mid Heights  
 
Transverse Plane –  Cumulative 
Axial Rotation  
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Clinical Measures 
 
Patient 5 - Braced Scan 1 Scan 2 Scan 3 
Age (years) 13.9 14.0 14.6 
Standing Cobb XR (°) 21 18 23 
Rib Hump (°) 15 13 13 
Risser (0-5) 1 1 2 
Standing Height (cm) 164.5 166.2 166.5 
 
MRI Measures  
 
Coronal Plane - Wedging  Transverse Plane –  Axial Torsion  
  
 
Coronal Plane – Mid Heights  
 
Transverse Plane –  Cumulative 
Axial Rotation  
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Clinical Measures 
 
Patient 6 – Unbraced/Braced (1-2) Scan 1 Scan 2 Scan 3 Scan 4 
Age (years) 11.9 12.3 12.7 13.5 
Standing Cobb XR (°) 29 34 36 45 
Rib Hump (°) 6 12 22 20 
Risser (0-5) 1 1 2 3 
Standing Height (cm) 151.3 156.2 159.0 160.5 
 
MRI Measures  
 
Coronal Plane - Wedging  Transverse Plane –  Axial Torsion  
  
 
Coronal Plane – Mid Heights  
 
Transverse Plane –  Cumulative 
Axial Rotation  
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Clinical Measures 
 
Patient 8- Braced (LEFT) Scan 1 Scan 2 Scan 3 
Age (years) 13.7 13.9 14.5 
Standing Cobb XR (°) 27 12 14 
Rib Hump (°) 3 3 3 
Risser (0-5) 1 3 4 
Standing Height (cm) 154.6 154.6 159.5 
 
MRI Measures  
 
Coronal Plane - Wedging  Transverse Plane –  Axial Torsion  
  
 
Coronal Plane – Mid Heights  
 
Transverse Plane –  Cumulative 
Axial Rotation  
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Clinical Measures 
 
Patient 9- Braced Scan 1 Scan 2 Scan 3 Scan 4 
Age (years) 13.0 13.3 14.0 14.6 
Standing Cobb XR (°) 18 36 40 64 
Rib Hump (°) 14 14 18 23 
Risser (0-5) 0 0 1 1 
Standing Height (cm) 155.3 159.0 164.0 164.0 
 
MRI Measures  
 
Coronal Plane - Wedging  Transverse Plane –  Axial Torsion  
  
 
Coronal Plane – Mid Heights  
 
Transverse Plane –  Cumulative 
Axial Rotation  
  
Table of Appendices                                                                                                                Page 209 
 
Clinical Measures 
 
Patient 10- Unbraced  Scan 1 Scan 2 Scan 3 
Age (years) 14.4 14.8 
Surgery 
Standing Cobb XR (°) 52 55 
Rib Hump (°) 15 17 
Risser (0-5) 2 2 
Standing Height (cm) 168.3 168.3 
 
MRI Measures  
 
Coronal Plane - Wedging  Transverse Plane –  Axial Torsion  
  
 
Coronal Plane – Mid Heights  
 
Transverse Plane –  Cumulative 
Axial Rotation  
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Clinical Measures 
 
Patient 11- Braced Scan 1 Scan 2 Scan 3 
Age (years) 14.3 14.8 15.4 
Standing Cobb XR (°) 30 27 35 
Rib Hump (°) 7 8 10 
Risser (0-5) 0 2 3 
Standing Height (cm) 170.3 173.0 174.5 
 
MRI Measures  
 
Coronal Plane - Wedging  Transverse Plane –  Axial Torsion  
  
 
Coronal Plane – Mid Heights  
 
Transverse Plane –  Cumulative 
Axial Rotation  
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Clinical Measures 
 
Patient 12- Unbraced Scan 1 Scan 2 Scan 3 
Age (years) 14.6 14.9 15.4 
Standing Cobb XR (°) 35 34 37 
Rib Hump (°) 10 11 13 
Risser (0-5) 2 2 3 
Standing Height (cm) 153.0 153.5 155.0 
 
MRI Measures  
 
Coronal Plane - Wedging  Transverse Plane –  Axial Torsion  
  
 
Coronal Plane – Mid Heights  
 
Transverse Plane –  Cumulative 
Axial Rotation  
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Clinical Measures 
 
Patient 13 - Braced Scan 1 Scan 2 Scan 3 
Age (years) 11.6 12.1 12.4 
Standing Cobb XR (°) 43 50 55 
Rib Hump (°) 13 18 23 
Risser (0-5) 0 0 3 
Standing Height (cm) 152.0 154.0 155.0 
 
MRI Measures  
 
Coronal Plane - Wedging  Transverse Plane –  Axial Torsion  
  
 
Coronal Plane – Mid Heights  
 
Transverse Plane –  Cumulative 
Axial Rotation  
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Clinical Measures 
 
Patient 14 - Braced Scan 1 Scan 2 Scan 3 
Age (years) 13.9 14.4 15.0 
Standing Cobb XR (°) 38 35 35 
Rib Hump (°) 9 10 12 
Risser (0-5) 1 3 4 
Standing Height (cm) 163.3 166.0 166.5 
 
MRI Measures  
 
Coronal Plane - Wedging  Transverse Plane –  Axial Torsion  
  
 
Coronal Plane – Mid Heights  
 
Transverse Plane –  Cumulative 
Axial Rotation  
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Clinical Measures 
 
Patient 15 - Braced Scan 1 Scan 2 Scan 3 
Age (years) 11.2 12.0  
Standing Cobb XR (°) 26 34  
Rib Hump (°) 5 15  
Risser (0-5) 0 0  
Standing Height (cm) 136.3 144.0  
 
MRI Measures  
 
Coronal Plane - Wedging  Transverse Plane –  Axial Torsion  
  
 
Coronal Plane – Mid Heights  
 
Transverse Plane –  Cumulative 
Axial Rotation  
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Clinical Measures 
 
Patient 17 - Braced Scan 1 Scan 2 Scan 3 
Age (years) 12.9 13.9  
Standing Cobb XR (°) 39 44  
Rib Hump (°) 8 10  
Risser (0-5) 0 0  
Standing Height (cm) 145.2 150.2  
 
MRI Measures  
 
Coronal Plane - Wedging  Transverse Plane –  Axial Torsion  
  
 
Coronal Plane – Mid Heights  
 
Transverse Plane –  Cumulative 
Axial Rotation  
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Clinical Measures 
 
Patient 19 - Braced Scan 1 Scan 2 Scan 3 
Age (years) 10.6 11.1  
Standing Cobb XR (°) 12 23  
Rib Hump (°) 5 8  
Risser (0-5) 0 0  
Standing Height (cm) 133.6 135.5  
 
MRI Measures  
 
Coronal Plane - Wedging  Transverse Plane –  Axial Torsion  
  
 
Coronal Plane – Mid Heights  
 
Transverse Plane –  Cumulative 
Axial Rotation  
  
Table of Appendices                                                                                                                Page 217 
 
Clinical Measures 
 
Patient 20 - Unbraced Scan 1 Scan 2 Scan 3 
Age (years) 9.9 10.5  
Standing Cobb XR (°) 17 18  
Rib Hump (°) 4 4  
Risser (0-5) 0 0  
Standing Height (cm) 134.5 136.8  
 
MRI Measures  
 
Coronal Plane - Wedging  Transverse Plane –  Axial Torsion  
  
 
Coronal Plane – Mid Heights  
 
Transverse Plane –  Cumulative 
Axial Rotation  
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Clinical Measures 
 
Patient 21 - Unbraced Scan 1 Scan 2 Scan 3 
Age (years) 12.4 13.0  
Standing Cobb XR (°) 24 28  
Rib Hump (°) 6 9  
Risser (0-5) 0 0  
Standing Height (cm) 144.0 148.4  
 
MRI Measures  
 
Coronal Plane - Wedging  Transverse Plane –  Axial Torsion  
  
 
Coronal Plane – Mid Heights  
 
Transverse Plane –  Cumulative 
Axial Rotation  
  
Bibliography                                                                                                                              Page 219 
 
Bibliography 
AARO, S., DAHLBORN, M. & SVENSSON, L. 1978. Estimation of vertebral 
rotation in structural scoliosis by computer tomography. Acta Radiologica 
Diagnosis, 19, 990 - 992. 
ABUL-KASIM, K., GUNNARSSON, M., MALY, P., OHLIN, A. & SUNDGREN, P. 
2008. Radiation Dose Optimization in CT Planning of Corrective 
Scoliosis Surgery. A Phantom Study. Neuroradiol J, 21, 374-82. 
ABUL-KASIM, K., KARLSSON, M., HASSERIUS, R. & OHLIN, A. 2010. 
Measurement of vertebral rotation in adolescent idiopathic scoliosis with 
low-dose CT in prone position - method description and reliability 
analysis. Scoliosis, 5, 4. 
ABUL-KASIM, K., OVERGAARD, A., KARLSSON, M. K. & OHLIN, A. 2009. 
Tonsillar ectopia in idiopathic scoliosis: does it play a role in the 
pathogenesis and prognosis or is it only an incidental finding? Scoliosis, 
4, 25. 
ACAROGLU, E., AKEL, I., ALANAY, A., YAZICI, M. & MARCUCIO, R. 2009. 
Comparison of the melatonin and calmodulin in paravertebral muscle 
and platelets of patients with or without adolescent idiopathic scoliosis. 
Spine (Phila Pa 1976), 34, E659-63. 
ADAM, C., IZATT, M. & ASKIN, G. 2010. Design and evaluation of an MRI 
compatible axial compression device for 3D assessment of spinal 
deformity and flexibility in AIS. Stud Health Technol Inform, 158, 38-43. 
ADAM, C. J. & ASKIN, G. N. 2006. Automatic measurement of vertebral rotation 
in idiopathic scoliosis. Spine (Phila Pa 1976), 31, E80-3. 
ADAM, C. J. & ASKIN, G. N. 2009. Lateral bone density variations in the 
scoliotic spine. Bone, 45, 799-807. 
ADAM, C. J., ASKIN, G. N. & PEARCY, M. J. 2008. Gravity-induced torque and 
intravertebral rotation in idiopathic scoliosis. Spine (Phila Pa 1976), 33, 
E30-7. 
ADAM, C. J., IZATT, M. T., HARVEY, J. R. & ASKIN, G. N. 2005. Variability in 
Cobb angle measurements using reformatted computerized tomography 
scans. Spine (Phila Pa 1976), 30, 1664-9. 
AKBARNIA, B. A., BREAKWELL, L. M., MARKS, D. S., MCCARTHY, R. E., 
THOMPSON, A. G., CANALE, S. K., KOSTIAL, P. N., TAMBE, A., 
ASHER, M. A. & GROWING SPINE STUDY, G. 2008. Dual growing rod 
technique followed for three to eleven years until final fusion: the effect 
of frequency of lengthening. Spine (Phila Pa 1976), 33, 984-90. 
ARCHER, I. A. & DICKSON, R. A. 1985. Stature and idiopathic scoliosis. A 
prospective study. J Bone Joint Surg Br, 67, 185-8. 
ARKIN, A. M. 1949. The mechanism of the structural changes in scoliosis. J 
Bone Joint Surg Am, 31A, 519-28. 
ARONSSON, D. D. & STOKES, I. A. F. 2011. Nonfusion Treatment of 
Adolescent Idiopathic Scoliosis by Growth Modulation and Remodeling. 
Journal of Pediatric Orthopaedics, 31, S99-S106 
10.1097/BPO.0b013e318203b141. 
ASHER, M. A. & BURTON, D. C. 2006. Adolescent idiopathic scoliosis: natural 
history and long term treatment effects. Scoliosis, 1, 2. 
AUBIN, C. E., PETIT, Y., STOKES, I. A., POULIN, F., GARDNER-MORSE, M. & 
LABELLE, H. 2003. Biomechanical modeling of posterior instrumentation 
of the scoliotic spine. Comput Methods Biomech Biomed Engin, 6, 27-32. 
BARDOS, T. 2007. Intervertebral Disc [Online]. University of Pecs Available: 
http://www.porcpotlas.hu/en/porckorong.html. 
Bibliography                                                                                                                              Page 220 
 
BARRIOS, C., CORTES, S., PEREZ-ENCINAS, C., ESCRIVA, M. D., BENET, I., 
BURGOS, J., HEVIA, E., PIZA, G. & DOMENECH, P. 2011. 
Anthropometry and body composition profile of girls with nonsurgically 
treated adolescent idiopathic scoliosis. Spine (Phila Pa 1976), 36, 1470-
7. 
BAYER, H. 1951. Muskelphysiologische Untersuchungen an Skoliosen. . Verh 
Dtsch Orthop Ges, 39: 282. 
BERNHARDT, M. & BRIDWELL, K. H. 1989. Segmental analysis of the sagittal 
plane alignment of the normal thoracic and lumbar spines and 
thoracolumbar junction. Spine (Phila Pa 1976), 14, 717-21. 
BETZ, R. R., D'ANDREA, L. P., MULCAHEY, M. J. & CHAFETZ, R. S. 2005. 
Vertebral body stapling procedure for the treatment of scoliosis in the 
growing child. Clin Orthop Relat Res, 55-60. 
BETZ, R. R. M. D., RANADE, A. M. D., SAMDANI, A. F. M. D., CHAFETZ, R. D. 
P. T., D'ANDREA, L. P. M. D., GAUGHAN, J. P. P., ASGHAR, J. M. D., 
GREWAL, H. M. D. & MULCAHEY, M. J. P. 2010. Vertebral Body 
Stapling: A Fusionless Treatment Option for a Growing Child With 
Moderate Idiopathic Scoliosis. Spine (Phila Pa 1976), 35, 169-176. 
BIBBY, S. R., MEIR, A., FAIRBANK, J. C. & URBAN, J. P. 2002. Cell viability 
and the physical environment in the scoliotic intervertebral disc. Stud 
Health Technol Inform, 91, 419-21. 
BIRCHALL, D., HUGHES, D., GREGSON, B. & WILLIAMSON, B. 2005. 
Demonstration of vertebral and disc mechanical torsion in adolescent 
idiopathic scoliosis using three-dimensional MR imaging. Eur Spine J, 
14, 123-9. 
BIRCHALL, D., HUGHES, D. G., HINDLE, J., ROBINSON, L. & WILLIAMSON, 
J. B. 1997. Measurement of vertebral rotation in adolescent idiopathic 
scoliosis using three-dimensional magnetic resonance imaging. Spine 
(Phila Pa 1976), 22, 2403-7. 
BLAND, J. M. & ALTMAN, D. G. 1995. Comparing methods of measurement: 
why plotting difference against standard method is misleading. Lancet, 
346, 1085-7. 
BOSEKER, E. H., MOE, J. H., WINTER, R. B. & KOOP, S. E. 2000. 
Determination of "normal" thoracic kyphosis: a roentgenographic study of 
121 "normal" children. J Pediatr Orthop, 20, 796-8. 
BRAUN, J. T., OGILVIE, J. W., AKYUZ, E., BRODKE, D. S. & BACHUS, K. N. 
2004. Fusionless scoliosis correction using a shape memory alloy staple 
in the anterior thoracic spine of the immature goat. Spine (Phila Pa 
1976), 29, 1980-9. 
BRINCKMANN, P., BIGGEMANN, M. & HILWEG, D. 1989. Prediction of the 
compressive strength of human lumbar vertebrae. Spine (Phila Pa 1976), 
14, 606-10. 
BRODNER, W., KREPLER, P., NICOLAKIS, M., LANGER, M., KAIDER, A., 
LACK, W. & WALDHAUSER, F. 2000. Melatonin and adolescent 
idiopathic scoliosis. J Bone Joint Surg Br, 82, 399-403. 
BUSSCHER, I., WAPSTRA, F. H. & VELDHUIZEN, A. G. 2010. Predicting 
growth and curve progression in the individual patient with adolescent 
idiopathic scoliosis: design of a prospective longitudinal cohort study. 
BMC Musculoskelet Disord, 11, 93. 
BYRD, J. A., 3RD 1988. Current theories on the etiology of idiopathic scoliosis. 
Clin Orthop Relat Res, 114-9. 
CARMAN, D. L., BROWNE, R. H. & BIRCH, J. G. 1990. Measurement of 
scoliosis and kyphosis radiographs. Intraobserver and interobserver 
variation. J Bone Joint Surg Am, 72, 328-33. 
Bibliography                                                                                                                              Page 221 
 
CASSAR-PULLICINO, V. N. & EISENSTEIN, S. M. 2002. Imaging in scoliosis: 
what, why and how? Clin Radiol, 57, 543-62. 
CASTELEIN, R. M., VAN DIEEN, J. H. & SMIT, T. H. 2005. The role of dorsal 
shear forces in the pathogenesis of adolescent idiopathic scoliosis--a 
hypothesis. Med Hypotheses, 65, 501-8. 
CHARLES, Y. P., DIMEGLIO, A., CANAVESE, F. & DAURES, J. P. 2007. 
Skeletal age assessment from the olecranon for idiopathic scoliosis at 
Risser grade 0. The Journal of bone and joint surgery. American volume,  
89, 2737-44. 
CHENG, J. C., GUO, X. & SHER, A. H. 1999. Persistent osteopenia in 
adolescent idiopathic scoliosis. A longitudinal follow up study. Spine 
(Phila Pa 1976), 24, 1218-22. 
CHENG, J. C., TANG, S. P., GUO, X., CHAN, C. W. & QIN, L. 2001. 
Osteopenia in adolescent idiopathic scoliosis: a histomorphometric 
study. Spine (Phila Pa 1976), 26, E19-23. 
CHEUNG, J., WEVER, D. J., VELDHUIZEN, A. G., KLEIN, J. P., VERDONCK, 
B., NIJLUNSING, R., COOL, J. C. & VAN HORN, J. R. 2002. The 
reliability of quantitative analysis on digital images of the scoliotic spine. 
Eur Spine J, 11, 535-42. 
CHEUNG, K. M. & LUK, K. D. 1997. Prediction of correction of scoliosis with 
use of the fulcrum bending radiograph. J Bone Joint Surg Am, 79, 1144-
50. 
CHU, W., LAM, W., CHAN, Y., NG, B., LAM, T., LEE, K., GUO, X. & CHENG, J. 
2006. Relative shortening and functional tethering of spinal cord in 
adolescent idiopathic scoliosis?: study with multiplanar reformat 
magnetic resonance imaging and somatosensory evoked potential. 
Spine, 31, E19 - 25. 
COBB, J. 1948. Outline for the study of scoliosis. Instructional Course Lectures. 
American Academy of Orthopaedic Surgeons, 5, 261 - 275. 
COSSETTE, J. W., FARFAN, H. F., ROBERTSON, G. H. & WELLS, R. V. 1971. 
The instantaneous center of rotation of the third lumbar intervertebral 
joint. J Biomech, 4, 149-53. 
COWELL, H. R., HALL, J. N. & MACEWEN, G. D. 1972. Genetic aspects of 
idiopathic scoliosis. A Nicholas Andry Award essay, 1970. Clin Orthop 
Relat Res, 86, 121-31. 
CRAMER, G. D. & DARBY, S. A. 2013. Clinical Anatomy of the Spine, Spinal 
Cord, and ANS [Online]. Elsevier Health Sciences. Available: 
http://qut.eblib.com.au/patron/FullRecord.aspx?p=1431126. 
CRUICKSHANK, J. L., KOIKE, M. & DICKSON, R. A. 1989. Curve patterns in 
idiopathic scoliosis. A clinical and radiographic study. J Bone Joint Surg 
Br, 71, 259-63. 
DAR, G., MASHARAWI, Y., PELEG, S., STEINBERG, N., MAY, H., MEDLEJ, 
B., PELED, N. & HERSHKOVITZ, I. 2011. The epiphyseal ring: a long 
forgotten anatomical structure with significant physiological function. 
Spine (Phila Pa 1976), 36, 850-6. 
DAYER, R., HAUMONT, T., BELAIEFF, W. & LASCOMBES, P. 2013. Idiopathic 
scoliosis: etiological concepts and hypotheses. J Child Orthop, 7, 11-6. 
DEACON, P. & DICKSON, R. A. 1987. Vertebral shape in the median sagittal 
plane in idiopathic thoracic scoliosis. A study of true lateral radiographs 
in 150 patients. Orthopedics, 10, 893-5. 
DEACON, P., FLOOD, B. M. & DICKSON, R. A. 1984. Idiopathic scoliosis in 
three dimensions. A radiographic and morphometric analysis. J Bone 
Joint Surg Br, 66, 509-12. 
DICKSON, R. A. 1992. The etiology and pathogenesis of idiopathic scoliosis. 
Acta Orthop Belg, 58 Suppl 1, 21-5. 
Bibliography                                                                                                                              Page 222 
 
DIMEGLIO, A. & CANAVESE, F. 2012. The growing spine: how spinal 
deformities influence normal spine and thoracic cage growth. European 
Spine Journal, 21, 64-70. 
DOLAN, L. A. & WEINSTEIN, S. L. 2007. Surgical rates after observation and 
bracing for adolescent idiopathic scoliosis: an evidence-based review. 
Spine (Phila Pa 1976), 32, S91-S100. 
DUBOUSSET, J. 2011. Reflections of an orthopaedic surgeon on patient care 
and research into the condition of scoliosis. J Pediatr Orthop, 31, S1-8. 
DUBOUSSET, J., CHARPAK, G., DORION, I., SKALLI, W., LAVASTE, F., 
DEGUISE, J., KALIFA, G. & FEREY, S. 2005. [A new 2D and 3D imaging 
approach to musculoskeletal physiology and pathology with low-dose 
radiation and the standing position: the EOS system]. Bull Acad Natl 
Med, 189, 287-97; discussion 297-300. 
DUKE, K., AUBIN, C.-E., DANSEREAU, J. & LABELLE, H. 2005. Biomechanical 
simulations of scoliotic spine correction due to prone position and 
anaesthesia prior to surgical instrumentation. Clinical Biomechanics, 20, 
923-931. 
DUTTON, K. E., JONES, T. J., SLINGER, B. S., SCULL, E. R. & O'CONNOR, J. 
1989. Reliability of the Cobb angle index derived by traditional and 
computer assisted methods. Australas Phys Eng Sci Med, 12, 16-23. 
DUVAL-BEAUPÈRE, G. & ROBAIN, G. 1987. Visualization on Full Spine 
Radiographs of the Anatomical Connections of the Centers of the 
Segmental Body-Mass Supported by Each Vertebra and Measured 
Invivo. International Orthopaedics, 11, 261-269. 
EMAMI, A., DEVIREN, V., BERVEN, S., SMITH, J. A., HU, S. S. & BRADFORD, 
D. S. 2002. Outcome and complications of long fusions to the sacrum in 
adult spine deformity: luque-galveston, combined iliac and sacral screws, 
and sacral fixation. Spine (Phila Pa 1976), 27, 776-86. 
EOS. 2015. EOS in Brief [Online]. Available: http://www.eos-
imaging.com/us/eos-products-2/eos_in_brief.html. 
ERDMANN, W. S. 1997. Geometric and inertial data of the trunk in adult males. 
J Biomech, 30, 679-88. 
ESTEVE, R. 1958. Idiopathic scoliosis in identical twins. J Bone Joint Surg Br, 
40-B, 97-9. 
FIDLER, M. W. & JOWETT, R. L. 1976. Muscle imbalance in the aetiology of 
scoliosis. J Bone Joint Surg Br, 58, 200-1. 
FON, G. T., PITT, M. J. & THIES, A. C. 1980. Thoracic kyphosis: range in 
normal subjects. American Journal of Roentgenology, 134, 979-983. 
FRANK, P., CASTRO, JR. 2003. Adolescent idiopathic scoliosis, bracing, and 
the Hueter-Volkmann principle. The Spine Journal, 3, 180-185. 
GERTZBEIN, S. D., HOLTBY, R., TILE, M., KAPASOURI, A., CHAN, K. W. & 
CRUICKSHANK, B. 1984. Determination of a locus of instantaneous 
centers of rotation of the lumbar disc by moire fringes. A new technique. 
Spine (Phila Pa 1976), 9, 409-13. 
GOCEN, S., HAVITCIOGLU, H. & ALICI, E. 1999. A new method to measure 
vertebral rotation from CT scans. Eur Spine J, 8, 261-5. 
GOLDBERG, C. J., DOWLING, F. E. & FOGARTY, E. E. 1993. Adolescent 
idiopathic scoliosis: is rising growth rate the triggering factor in 
progression? Eur Spine J, 2, 29-36. 
GRIVAS, T. B., WADE, M. H., NEGRINI, S., O'BRIEN, J. P., MARUYAMA, T., 
HAWES, M. C., RIGO, M., WEISS, H. R., KOTWICKI, T., VASILIADIS, E. 
S., SULAM, L. N. & NEUHOUS, T. 2007. SOSORT consensus paper: 
school screening for scoliosis. Where are we today? Scoliosis, 2, 17. 
GSTOETTNER, M., LECHNER, R., GLODNY, B., THALER, M. & BACH, C. M. 
2011. Inter- and intraobserver reliability assessment of computed 
Bibliography                                                                                                                              Page 223 
 
tomographic 3D measurement of pedicles in scoliosis and size matching 
with pedicle screws. Eur Spine J, 20, 1771-9. 
GSTOETTNER, M., SEKYRA, K., WALOCHNIK, N., WINTER, P., WACHTER, 
R. & BACH, C. M. 2007. Inter- and intraobserver reliability assessment of 
the Cobb angle: manual versus digital measurement tools. Eur Spine J, 
16, 1587-92. 
GUILLE, J. T., D'ANDREA, L. P. & BETZ, R. R. 2007. Fusionless treatment of 
scoliosis. Orthop Clin North Am, 38, 541-5, vii. 
GUO, X., CHAU, W. W., CHAN, Y. L. & CHENG, J. C. 2003. Relative anterior 
spinal overgrowth in adolescent idiopathic scoliosis. Results of 
disproportionate endochondral-membranous bone growth. J Bone Joint 
Surg Br, 85, 1026-31. 
HADERSPECK, K. & SCHULTZ, A. 1981. Progression of idiopathic scoliosis: an 
analysis of muscle actions and body weight influences. Spine (Phila Pa 
1976), 6, 447-55. 
HARRINGTON, P. R. 1977. The etiology of idiopathic scoliosis. Clin Orthop 
Relat Res, 17-25. 
HAY, D., IZATT, M. T., ADAM, C. J., LABROM, R. D. & ASKIN, G. N. 2008. The 
use of fulcrum bending radiographs in anterior thoracic scoliosis 
correction: a consecutive series of 90 patients. Spine (Phila Pa 1976), 
33, 999-1005. 
HERSHMAN, S. H., PARK, J. J. & LONNER, B. S. 2013. Fusionless surgery for 
scoliosis. Bull Hosp Jt Dis (2013), 71, 49-53. 
HOPF, C., SCHEIDECKER, M., STEFFAN, K., BODEM, F. & EYSEL, P. 1998. 
Gait analysis in idiopathic scoliosis before and after surgery: a 
comparison of the pre- and postoperative muscle activation pattern. Eur 
Spine J, 7, 6-11. 
HORNE, J. P., FLANNERY, R. & USMAN, S. 2014. Adolescent idiopathic 
scoliosis: diagnosis and management. Am Fam Physician, 89, 193-8. 
HUANG, Y. C., URBAN, J. P. & LUK, K. D. 2014. Intervertebral disc 
regeneration: do nutrients lead the way? Nat Rev Rheumatol, 10, 561-6. 
HUNG, V. W., QIN, L., CHEUNG, C. S., LAM, T. P., NG, B. K., TSE, Y. K., 
GUO, X., LEE, K. M. & CHENG, J. C. 2005. Osteopenia: a new 
prognostic factor of curve progression in adolescent idiopathic scoliosis. 
J Bone Joint Surg Am, 87, 2709-16. 
IZATT, M. T., ADAM, C. J., VERZIN, E. J., LABROM, R. D. & ASKIN, G. N. 
2012. CT and radiographic analysis of sagittal profile changes following 
thoracoscopic anterior scoliosis surgery. Scoliosis, 7, 15. 
JANSSEN, M. M., KOUWENHOVEN, J. W., SCHLOSSER, T. P., VIERGEVER, 
M. A., BARTELS, L. W., CASTELEIN, R. M. & VINCKEN, K. L. 2011. 
Analysis of preexistent vertebral rotation in the normal infantile, juvenile, 
and adolescent spine. Spine (Phila Pa 1976), 36, E486-91. 
JONES, R. S., KENNEDY, J. D., HASHAM, F., OWEN, R. & TAYLOR, J. F. 
1981. Mechanical inefficiency of the thoracic cage in scoliosis. Thorax, 
36, 456-61. 
KAMIMURA, M., KINOSHITA, T., ITOH, H., YUZAWA, Y., TAKAHASHI, J., 
HIRABAYASHI, H. & NAKAMURA, I. 2002. Preoperative CT examination 
for accurate and safe anterior spinal instrumentation surgery with 
endoscopic approach. J Spinal Disord Tech, 15, 47-51; discussion 51-2. 
KAROL, L. A., JOHNSTON, C., MLADENOV, K., SCHOCHET, P., WALTERS, 
P. & BROWNE, R. H. 2008. Pulmonary function following early thoracic 
fusion in non-neuromuscular scoliosis. J Bone Joint Surg Am, 90, 1272-
81. 
Bibliography                                                                                                                              Page 224 
 
KATZ, D. E., HERRING, J. A., BROWNE, R. H., KELLY, D. M. & BIRCH, J. G. 
2010. Brace wear control of curve progression in adolescent idiopathic 
scoliosis. J Bone Joint Surg Am, 92, 1343-52. 
KEENAN, B. E., IZATT, M. T., ASKIN, G. N., LABROM, R. D., PEARCY, M. J. & 
ADAM, C. J. 2014. Supine to standing Cobb angle change in idiopathic 
scoliosis: the effect of endplate pre-selection. Scoliosis, 9, 16. 
KELLY, B. P. & BENNETT, C. R. 2013. Design and validation of a novel 
Cartesian biomechanical testing system with coordinated 6DOF real-time 
load control: application to the lumbar spine (L1-S, L4-L5). J Biomech, 
46, 1948-54. 
KENNELLY, K. P. & STOKES, M. J. 1993. Pattern of asymmetry of paraspinal 
muscle size in adolescent idiopathic scoliosis examined by real-time 
ultrasound imaging. A preliminary study. Spine (Phila Pa 1976), 18, 913-
7. 
KESLING, K. L. & REINKER, K. A. 1997. Scoliosis in twins. A meta-analysis of 
the literature and report of six cases. Spine (Phila Pa 1976), 22, 2009-
14; discussion 2015. 
KING, H. A., MOE, J. H., BRADFORD, D. S. & WINTER, R. B. 1983. The 
selection of fusion levels in thoracic idiopathic scoliosis. J Bone Joint 
Surg Am, 65, 1302-13. 
KOUWENHOVEN, J. W. & CASTELEIN, R. M. 2008. The pathogenesis of 
adolescent idiopathic scoliosis: review of the literature. Spine (Phila Pa 
1976), 33, 2898-908. 
KOUWENHOVEN, J. W., VINCKEN, K. L., BARTELS, L. W. & CASTELEIN, R. 
M. 2006. Analysis of preexistent vertebral rotation in the normal spine. 
Spine (Phila Pa 1976), 31, 1467-72. 
KUHL, C. K., TRABER, F. & SCHILD, H. H. 2008. Whole-body high-field-
strength (3.0-T) MR Imaging in Clinical Practice. Part I. Technical 
considerations and clinical applications. Radiology, 246, 675-96. 
LEE, M. C., SOLOMITO, M. & PATEL, A. 2013. Supine magnetic resonance 
imaging Cobb measurements for idiopathic scoliosis are linearly related 
to measurements from standing plain radiographs. Spine (Phila Pa 
1976), 38, E656-61. 
LENKE, L. G., BETZ, R. R., HARMS, J., BRIDWELL, K. H., CLEMENTS, D. H., 
LOWE, T. G. & BLANKE, K. 2001. Adolescent idiopathic scoliosis: a new 
classification to determine extent of spinal arthrodesis. J Bone Joint Surg 
Am, 83-A, 1169-81. 
LIN, H., AUBIN, C. E., PARENT, S. & VILLEMURE, I. 2009. Mechanobiological 
bone growth: comparative analysis of two biomechanical modeling 
approaches. Medical & Biological Engineering & Computing, 47, 357-
366. 
LITTLE, D. G., SONG, K. M., KATZ, D. & HERRING, J. A. 2000. Relationship of 
peak height velocity to other maturity indicators in idiopathic scoliosis in 
girls. J Bone Joint Surg Am, 82, 685-93. 
LITTLE, J. P. & ADAM, C. 2012. Patient-Specific Modeling of Scoliosis. In: 
GEFEN, A. (ed.) Patient-Specific Modeling in Tomorrow's Medicine. 
Springer Berlin Heidelberg. 
LITTLE, J. P., IZATT, M. T., LABROM, R. D., ASKIN, G. N. & ADAM, C. J. 
2012. Investigating the change in three dimensional deformity for 
idiopathic scoliosis using axially loaded MRI. Clin Biomech (Bristol, 
Avon), 27, 415-21. 
LITTLE, J. P., IZATT, M. T., LABROM, R. D., ASKIN, G. N. & ADAM, C. J. 
2013. An FE investigation simulating intra-operative corrective forces 
applied to correct scoliosis deformity. Scoliosis, 8, 9. 
Bibliography                                                                                                                              Page 225 
 
LOMBARDI, G., AKOUME, M. Y., COLOMBINI, A., MOREAU, A. & BANFI, G. 
2011. Biochemistry of adolescent idiopathic scoliosis. Adv Clin Chem, 
54, 165-82. 
LONCAR-DUSEK, M., PECINA, M. & PREBEG, Z. 1991. A longitudinal study of 
growth velocity and development of secondary gender characteristics 
versus onset of idiopathic scoliosis. Clin Orthop Relat Res, 278-82. 
LONSTEIN, J. E. & CARLSON, J. M. 1984. The prediction of curve progression 
in untreated idiopathic scoliosis during growth. J Bone Joint Surg Am, 
66, 1061-71. 
LOWE, T., LAWELLIN, D., SMITH, D., PRICE, C., HAHER, T., MEROLA, A. & 
O'BRIEN, M. 2002. Platelet calmodulin levels in adolescent idiopathic 
scoliosis: do the levels correlate with curve progression and severity? 
Spine (Phila Pa 1976), 27, 768-75. 
LOWE, T. G., BURWELL, R. G. & DANGERFIELD, P. H. 2004. Platelet 
calmodulin levels in adolescent idiopathic scoliosis (AIS): can they 
predict curve progression and severity? Summary of an electronic focus 
group debate of the IBSE. Eur Spine J, 13, 257-65. 
MAC-THIONG, J. M., LABELLE, H., BERTHONNAUD, E., BETZ, R. R. & 
ROUSSOULY, P. 2007. Sagittal spinopelvic balance in normal children 
and adolescents. Eur Spine J, 16, 227-34. 
MACHIDA, M. 1999. Cause of idiopathic scoliosis. Spine (Phila Pa 1976), 24, 
2576-83. 
MACHIDA, M., DUBOUSSET, J., IMAMURA, Y., MIYASHITA, Y., YAMADA, T. 
& KIMURA, J. 1996. Melatonin. A possible role in pathogenesis of 
adolescent idiopathic scoliosis. Spine (Phila Pa 1976), 21, 1147-52. 
MATTSON, G., HADERSPECK-GRIB, K., SCHULTZ, A. & NACHEMSON, A. 
1983. Joint flexibilities in structurally normal girls and girls with idiopathic 
scoliosis. J Orthop Res, 1, 57-62. 
MEIR, A., MCNALLY, D. S., FAIRBANK, J. C., JONES, D. & URBAN, J. P. 
2008. The internal pressure and stress environment of the scoliotic 
intervertebral disc--a review. Proc Inst Mech Eng H, 222, 209-19. 
MEIR, A. R., FAIRBANK, J. C., JONES, D. A., MCNALLY, D. S. & URBAN, J. P. 
2007. High pressures and asymmetrical stresses in the scoliotic disc in 
the absence of muscle loading. Scoliosis, 2, 4. 
MORRISSY, R. T., GOLDSMITH, G. S., HALL, E. C., KEHL, D. & COWIE, G. H. 
1990. Measurement of the Cobb angle on radiographs of patients who 
have scoliosis. Evaluation of intrinsic error. J Bone Joint Surg Am, 72, 
320-7. 
NACHEMSON, A. 1959. Measurement of intradiscal pressure. Acta Orthop 
Scand, 28, 269-89. 
NACHEMSON, A. 1966. The load on lumbar disks in different positions of the 
body. Clin Orthop Relat Res, 45, 107-22. 
NACHEMSON, A. & SAHLSTRAND, T. 1977. Etiologic Factors in Adolescent 
Idiopathic Scoliosis. Spine, 2, 176-184. 
NACHEMSON, A. L., SCHULTZ, A. B. & BERKSON, M. H. 1979. Mechanical 
properties of human lumbar spine motion segments. Influence of age, 
sex, disc level, and degeneration. Spine (Phila Pa 1976), 4, 1-8. 
NEGRINI, S. 2008. Approach to scoliosis changed due to causes other than 
evidence: patients call for conservative (rehabilitation) experts to join in 
team orthopedic surgeons. Disabil Rehabil, 30, 731-41. 
NEGRINI, S., ATANASIO, S., FUSCO, C. & ZAINA, F. 2009. Efficacy of bracing 
in worst cases (over 45degrees): end-growth results of a retrospective 
case series. Scoliosis, 4, O50. 
NEGRINI, S., MINOZZI, S., BETTANY-SALTIKOV, J., ZAINA, F., 
CHOCKALINGAM, N., GRIVAS, T. B., KOTWICKI, T., MARUYAMA, T., 
Bibliography                                                                                                                              Page 226 
 
ROMANO, M. & VASILIADIS, E. S. 2010. Braces for idiopathic scoliosis 
in adolescents. Spine (Phila Pa 1976), 35, 1285-93. 
NETTER, F. H. 2006. Atlas of human anatomy, Philadelphia, PA, 
Saunders/Elsevier. 
NICOLOPOULOS, K. S., BURWELL, R. G. & WEBB, J. K. 1985. Stature and its 
components in adolescent idiopathic scoliosis. Cephalo-caudal 
disproportion in the trunk of girls. J Bone Joint Surg Br, 67, 594-601. 
NORDWALL, A. & WILLNER, S. 1975. A study of skeletal age and height in 
girls with idiopathic scoliosis. Clin Orthop Relat Res, 6-10. 
NORMELLI, H., SEVASTIK, J. & AKRIVOS, J. 1985. The length and ash weight 
of the ribs of normal and scoliotic persons. Spine (Phila Pa 1976), 10, 
590-2. 
NOWAK, R., KWIECIEN, M., TKACZ, M. & MAZUREK, U. 2014. Transforming 
Growth Factor-Beta (TGF- beta ) Signaling in Paravertebral Muscles in 
Juvenile and Adolescent Idiopathic Scoliosis. Biomed Res Int, 2014, 
594287. 
OHTSUKA, Y., YAMAGATA, M., ARAI, S., KITAHARA, H. & MINAMI, S. 1988. 
School screening for scoliosis by the Chiba University Medical School 
screening program. Results of 1.24 million students over an 8-year 
period. Spine (Phila Pa 1976), 13, 1251-7. 
PACE, N., RICCI, L. & NEGRINI, S. 2013. A comparison approach to explain 
risks related to X-ray imaging for scoliosis, 2012 SOSORT award winner. 
Scoliosis, 8, 11. 
PARENT, S., LABELLE, H., SKALLI, W. & DE GUISE, J. 2004. Vertebral 
wedging characteristic changes in scoliotic spines. Spine (Phila Pa 
1976), 29, E455-62. 
PEARCY, M. J. & BOGDUK, N. 1988. Instantaneous axes of rotation of the 
lumbar intervertebral joints. Spine (Phila Pa 1976), 13, 1033-41. 
PEARSALL, D. J., REID, J. G. & LIVINGSTON, L. A. 1996. Segmental inertial 
parameters of the human trunk as determined from computed 
tomography. Ann Biomed Eng, 24, 198-210. 
PERIE, D., AUBIN, C. E., LACROIX, M., LAFON, Y. & LABELLE, H. 2004. 
Biomechanical modelling of orthotic treatment of the scoliotic spine 
including a detailed representation of the brace-torso interface. Med Biol 
Eng Comput, 42, 339-44. 
PLENGE, E., POOT, D. H. J., BERNSEN, M., KOTEK, G., HOUSTON, G., 
WIELOPOLSKI, P., VAN DER WEERD, L., NIESSEN, W. J. & 
MEIJERING, E. 2012. Super-resolution methods in MRI: Can they 
improve the trade-off between resolution, signal-to-noise ratio, and 
acquisition time? Magnetic Resonance in Medicine, n/a-n/a. 
PONSETI, I. V. & FRIEDMAN, B. 1950. Prognosis in idiopathic scoliosis. J Bone 
Joint Surg Am, 32A, 381-95. 
QIU, T. X., TEO, E. C., LEE, K. K., NG, H. W. & YANG, K. 2004. Kinematics of 
the thoracic T10-T11 motion segment: locus of instantaneous axes of 
rotation in flexion and extension. J Spinal Disord Tech, 17, 140-6. 
RACZKOWSKI, J. W. 2007. The concentrations of testosterone and estradiol in 
girls with adolescent idiopathic scoliosis. Neuro Endocrinol Lett, 28, 302-
4. 
RAJWANI, T., BAGNALL, K. M., LAMBERT, R., VIDEMAN, T., KAUTZ, J., 
MOREAU, M., MAHOOD, J., RASO, V. J. & BHARGAVA, R. 2004. Using 
magnetic resonance imaging to characterize pedicle asymmetry in both 
normal patients and patients with adolescent idiopathic scoliosis. Spine 
(Phila Pa 1976), 29, E145-52. 
Bibliography                                                                                                                              Page 227 
 
RAMIREZ, M., MARTINEZ-LLORENS, J., SANCHEZ, J. F., BAGO, J., MOLINA, 
A., GEA, J. & CACERES, E. 2013. Body composition in adolescent 
idiopathic scoliosis. Eur Spine J, 22, 324-9. 
REUBER, M., SCHULTZ, A., MCNEILL, T. & SPENCER, D. 1983. Trunk muscle 
myoelectric activities in idiopathic scoliosis. Spine (Phila Pa 1976), 8, 
447-56. 
RIDDLE, H. F. & ROAF, R. 1955. Muscle imbalance in the causation of 
scoliosis. Lancet, 268, 1245-7. 
RIDLER, T. W. & CALVARD, S. 1978. Picture Thresholding Using an Iterative 
Selection Method. Systems, Man and Cybernetics, IEEE Transactions 
on, 8, 630-632. 
RISSER, J. C. 1958. The Iliac apophysis; an invaluable sign in the management 
of scoliosis. Clin Orthop, 11, 111-9. 
ROAF, R. 1960. Vertebral growth and its mechanical control. J Bone Joint Surg 
Br, 42-B, 40-59. 
ROAF, R. 1966. The basic anatomy of scoliosis. J Bone Joint Surg Br, 48, 786-
92. 
RONCHETTI, P., STOKES, I. & ARONSSON, D. 1997. Vertebral body and disc 
wedging in scoliosis. Research into Spinal Deformities, 1, 81-4. 
ROUSSOULY, P. & NNADI, C. 2010. Sagittal plane deformity: an overview of 
interpretation and management. Eur Spine J, 19, 1824-36. 
SANGOLE, A. P., AUBIN, C. E., LABELLE, H., STOKES, I. A., LENKE, L. G., 
JACKSON, R. & NEWTON, P. 2009. Three-dimensional classification of 
thoracic scoliotic curves. Spine (Phila Pa 1976), 34, 91-9. 
SCHERRER, S. A., BEGON, M., LEARDINI, A., COILLARD, C., RIVARD, C. H. 
& ALLARD, P. 2013. Three-dimensional vertebral wedging in mild and 
moderate adolescent idiopathic scoliosis. PLoS One, 8, e71504. 
SCHICK, D. 2004. Computed tomography radiation doses for paediatric 
scoliosis scans. Brisbane: Internal report commissioned by Paediatric 
Spine Research Group from Queensland Health Biomedical Technology 
Services. 
SCHILD, H. H. 1990. MRI Made Easy (...well almost), Berlin, Germany, 
SCHERING. 
SCHLOSSER, T. P., VAN DER HEIJDEN, G. J., VERSTEEG, A. L. & 
CASTELEIN, R. M. 2014. How 'idiopathic' is adolescent idiopathic 
scoliosis? A systematic review on associated abnormalities. PLoS One, 
9, e97461. 
SCHULTZ, A. B. 1984. Biomechanical factors in the progression of idiopathic 
scoliosis. Ann Biomed Eng, 12, 621-30. 
SCHULTZ, A. B., SORENSEN, S. E. & ANDERSSON, G. B. 1984. 
Measurement of spine morphology in children, ages 10-16. Spine (Phila 
Pa 1976), 9, 70-3. 
SEVASTIK, B., XIONG, B., SEVASTIK, J., HEDLUND, R. & SULIMAN, I. 1995. 
Vertebral rotation and pedicle length asymmetry in the normal adult 
spine. Eur Spine J, 4, 95-7. 
SEVASTIK, J., BURWELL, R. G. & DANGERFIELD, P. H. 2003. A new concept 
for the etiopathogenesis of the thoracospinal deformity of idiopathic 
scoliosis: summary of an electronic focus group debate of the IBSE. Eur 
Spine J, 12, 440-50. 
SHEA, K. G., STEVENS, P. M., NELSON, M., SMITH, J. T., MASTERS, K. S. & 
YANDOW, S. 1998. A comparison of manual versus computer-assisted 
radiographic measurement. Intraobserver measurement variability for 
Cobb angles. Spine (Phila Pa 1976), 23, 551-5. 
Bibliography                                                                                                                              Page 228 
 
SHIMODE, M., RYOUJI, A. & KOZO, N. 2003. Asymmetry of premotor time in 
the back muscles of adolescent idiopathic scoliosis. Spine (Phila Pa 
1976), 28, 2535-9. 
SIZER, P. S., JR., BRISMEE, J. M. & COOK, C. 2007. Coupling behavior of the 
thoracic spine: a systematic review of the literature. J Manipulative 
Physiol Ther, 30, 390-9. 
SKOGLAND, L. & MILLER, J. 1981. The length and proportions of the 
thoracolumbar spine in children with idiopathic scoliosis. Acta Orthop. 
Scandinavica, 52, 177 - 185. 
SOUCACOS, P. N., ZACHARIS, K., GELALIS, J., SOULTANIS, K., KALOS, N., 
BERIS, A., XENAKIS, T. & JOHNSON, E. O. 1998. Assessment of curve 
progression in idiopathic scoliosis. Eur Spine J, 7, 270-7. 
SPENCER, G. S. & ZORAB, P. A. 1976. Spinal muscle in scoliosis. Part 1. 
Histology and histochemistry. J Neurol Sci, 30, 137-42. 
SRS. 2012. Three-Dimensional Terminology of Spinal Deformity [Online]. 
Available: 
http://www.srs.org/professionals/glossary/SRS_3D_terminology.htm. 
SRS. 2014a. Adolescent Idiopathic Scoliosis [Online].  
. Available: 
http://www.srs.org/professionals/conditions_and_treatment/adolescent_i
diopathic_scoliosis/imaging_studies.htm [Accessed February 25th 2014. 
SRS. 2014b. Kyphosis [Online]. Available: 
http://www.srs.org/patient_and_family/kyphosis/ [Accessed May 2nd 
2014. 
STOKES, I. 2007a. Analysis and simulation of progressive adolescent scoliosis 
by biomechanical growth modulation. Eur Spine J, 16, 1621 - 1628. 
STOKES, I., BURWELL, R. G. & DANGERFIELD, P. 2006. Biomechanical 
spinal growth modulation and progressive adolescent scoliosis - a test of 
the 'vicious cycle' pathogenetic hypothesis: Summary of an electronic 
focus group debate of the IBSE. Scoliosis, 1, 16. 
STOKES, I. A. 1997. Analysis of symmetry of vertebral body loading 
consequent to lateral spinal curvature. Spine (Phila Pa 1976), 22, 2495-
503. 
STOKES, I. A. 2007b. Analysis and simulation of progressive adolescent 
scoliosis by biomechanical growth modulation. Eur Spine J, 16, 1621-8. 
STOKES, I. A. 2008. Mechanical modulation of spinal growth and progression 
of adolescent scoliosis. Stud Health Technol Inform, 135, 75-83. 
STOKES, I. A. & ARONSSON, D. D. 2001. Disc and vertebral wedging in 
patients with progressive scoliosis. J Spinal Disord, 14, 317-22. 
STOKES, I. A., DANSEREAU, J. & MORELAND, M. S. 1989. Rib cage 
asymmetry in idiopathic scoliosis. J Orthop Res, 7, 599-606. 
STOKES, I. A. & GARDNER-MORSE, M. 2004. Muscle activation strategies and 
symmetry of spinal loading in the lumbar spine with scoliosis. Spine 
(Phila Pa 1976), 29, 2103-7. 
STOKES, I. A., MCBRIDE, C. A. & ARONSSON, D. D. 2008. Intervertebral disc 
changes in an animal model representing altered mechanics in scoliosis. 
Stud Health Technol Inform, 140, 273-7. 
STOKES, I. A. F. P. & WINDISCH, L. M. 2006. Vertebral Height Growth 
Predominates Over Intervertebral Disc Height Growth in Adolescents 
With Scoliosis. Spine (Phila Pa 1976), 31, 1600-1604. 
TAN, K. J., MOE, M. M., VAITHINATHAN, R. & WONG, H. K. 2009. Curve 
progression in idiopathic scoliosis: follow-up study to skeletal maturity. 
Spine (Phila Pa 1976), 34, 697-700. 
Bibliography                                                                                                                              Page 229 
 
THOMPSON, J. C., NETTER, F. H. & NETTER, F. H. 2002. Netter's concise 
atlas of orthopaedic anatomy, Teterboro, NJ, Icon Learning Systems. 
TORELL, G., NACHEMSON, A., HADERSPECK-GRIB, K. & SCHULTZ, A. 
1985. Standing and supine Cobb measures in girls with idiopathic 
scoliosis. Spine (Phila Pa 1976), 10, 425-7. 
TORELL, G., NACHEMSON, A, HADERSPECK-GRIB, K AND SCHULTZ, A 
1985. Standing and supine Cobb measures in girls with idiopathic 
scoliosis. 
TRONTELJ, J. V. & FERNANDEZ, J. M. 1988. Single fiber EMG in juvenile 
idiopathic scoliosis. Muscle Nerve, 11, 297-300. 
UPADHYAY, S. S., MULLAJI, A. B., LUK, K. D. & LEONG, J. C. 1995. Relation 
of spinal and thoracic cage deformities and their flexibilities with altered 
pulmonary functions in adolescent idiopathic scoliosis. Spine (Phila Pa 
1976), 20, 2415-20. 
VAN DER MEULEN, M. C. & HUISKES, R. 2002. Why mechanobiology? A 
survey article. J Biomech, 35, 401-14. 
VILLEMURE, I., AUBIN, C., DANSEREAU, J. & LABELLE, H. 2002. Simulation 
of progressive deformities in adolescent idiopathic scoliosis using a 
biomechanical model integrating vertebral growth modulation. J Biomech 
Eng, 124, 784 - 790. 
VILLEMURE, I., AUBIN, C. E., GRIMARD, G., DANSEREAU, J. & LABELLE, H. 
2001. Progression of vertebral and spinal three-dimensional deformities 
in adolescent idiopathic scoliosis: a longitudinal study. Spine (Phila Pa 
1976), 26, 2244-50. 
VILLEMURE, I. & STOKES, I. A. 2009. Growth plate mechanics and 
mechanobiology. A survey of present understanding. J Biomech, 42, 
1793-803. 
WANG, W. J., HUNG, V. W., LAM, T. P., NG, B. K., QIN, L., LEE, K. M., QIU, 
Y., CHENG, J. C. & YEUNG, H. Y. 2010. The association of 
disproportionate skeletal growth and abnormal radius dimension ratio 
with curve severity in adolescent idiopathic scoliosis. Eur Spine J, 19, 
726-31. 
WATKINS, R. T., WATKINS, R., 3RD, WILLIAMS, L., AHLBRAND, S., GARCIA, 
R., KARAMANIAN, A., SHARP, L., VO, C. & HEDMAN, T. 2005. Stability 
provided by the sternum and rib cage in the thoracic spine. Spine (Phila 
Pa 1976), 30, 1283-6. 
WEINSTEIN, S. L. 1999. Natural history. Spine (Phila Pa 1976), 24, 2592-600. 
WEINSTEIN, S. L., DOLAN, L. A., SPRATT, K. F., PETERSON, K. K., 
SPOONAMORE, M. J. & PONSETI, I. V. 2003. Health and function of 
patients with untreated idiopathic scoliosis: a 50-year natural history 
study. JAMA, 289, 559-67. 
WEINSTEIN, S. L., DOLAN, L. A., WRIGHT, J. G. & DOBBS, M. B. 2013. 
Effects of bracing in adolescents with idiopathic scoliosis. N Engl J Med, 
369, 1512-21. 
WEINSTEIN, S. L. & PONSETI, I. V. 1983. Curve progression in idiopathic 
scoliosis. J Bone Joint Surg Am, 65, 447-55. 
WEISS, H.-R. 2010. "Brace technology" thematic series - the Gensingen 
braceTM in the treatment of scoliosis. Scoliosis, 5, 22. 
WESSBERG, P., DANIELSON, B. I. & WILLEN, J. 2006. Comparison of Cobb 
angles in idiopathic scoliosis on standing radiographs and supine axially 
loaded MRI. Spine (Phila Pa 1976), 31, 3039-44. 
WHITE, A. A. & PANJABI, M. M. 1990. Clinical biomechanics of the spine, 
Lippincott. 
Bibliography                                                                                                                              Page 230 
 
WILL, R. E., STOKES, I. A., QIU, X., WALKER, M. R. & SANDERS, J. O. 2009. 
Cobb angle progression in adolescent scoliosis begins at the 
intervertebral disc. Spine (Phila Pa 1976), 34, 2782-6. 
WILLEMS, J. M., JULL, G. A. & J, K. F. 1996. An in vivo study of the primary 
and coupled rotations of the thoracic spine. Clin Biomech (Bristol, Avon), 
11, 311-316. 
WILLS, B. P., AUERBACH, J. D., ZHU, X., CAIRD, M. S., HORN, B. D., FLYNN, 
J. M., DRUMMOND, D. S., DORMANS, J. P. & ECKER, M. L. 2007. 
Comparison of Cobb angle measurement of scoliosis radiographs with 
preselected end vertebrae: traditional versus digital acquisition. Spine 
(Phila Pa 1976), 32, 98-105. 
WINTER, D. A. 2009. Biomechanics and Motor Control of Human Movement, 
Canada, John Wiley & Sons. Inc. 
WU, J., QIU, Y., ZHANG, L., SUN, Q., QIU, X. & HE, Y. 2006. Association of 
estrogen receptor gene polymorphisms with susceptibility to adolescent 
idiopathic scoliosis. Spine (Phila Pa 1976), 31, 1131-6. 
WU, L., QIU, Y., WANG, B., ZHU, Z. Z. & MA, W. W. 2010. The left thoracic 
curve pattern: a strong predictor for neural axis abnormalities in patients 
with "idiopathic" scoliosis. Spine (Phila Pa 1976), 35, 182-5. 
YAZICI, M., ACAROGLU, E., ALANAY, A., DEVIREN, V., CILA, A. & SURAT, A. 
2001. Measurement of vertebral rotation in standing versus supine 
position in adolescent idiopathic scoliosis. Journal of Pediatric 
Orthopaedics, 21, 252 - 256. 
YEOM, J. S., LEE, C. K., PARK, K. W., LEE, J. H., LEE, D. H., WANG, K. C. & 
CHANG, B. S. 2007. Scoliosis associated with syringomyelia: analysis of 
MRI and curve progression. Eur Spine J, 16, 1629-35. 
YLIKOSKI, M. & TALLROTH, K. 1990. Measurement variations in scoliotic 
angle, vertebral rotation, vertebral body height, and intervertebral disc 
space height. J Spinal Disord, 3, 387-91. 
YOUNG, I. R. & BYDDER, G. M. 2003. Magnetic resonance: new approaches to 
imaging of the musculoskeletal system. Physiol Meas, 24, R1-23. 
ZHU, F., CHU, W. C., SUN, G., ZHU, Z. Z., WANG, W. J., CHENG, J. C. & QIU, 
Y. 2011. Rib length asymmetry in thoracic adolescent idiopathic 
scoliosis: is it primary or secondary? Eur Spine J, 20, 254-9. 
ZMURKO, M. G., MOONEY, J. F., 3RD, PODESZWA, D. A., MINSTER, G. J., 
MENDELOW, M. J. & GUIRGUES, A. 2003. Inter- and intraobserver 
variance of Cobb angle measurements with digital radiographs. J Surg 
Orthop Adv, 12, 208-13. 
 
 
